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Introduction: Segmented filamentous bacteria as part of the intestinal ecosystem. 
Symbiosis is defined as the prolonged association of organisms that are members of 
different species. Almost all animals live in symbiosis with microbes. Even protozoa, like 
ciliates are known to have intracellular symbionts (see p.e. Amann et al., 1991). While from 
many of these lower organisms only one or a few symbionts are known, organisms that 
have developed an intestinal tract usually live together with a stable ecosystem of microbes, 
described as intestinal microflora or microbiota. This thesis describes the symbiosis between 
the laboratory mouse and an intestinal bacterium, known as Segmented Filamentous Bacteria 
(SFB). SFB are Gram-positive, sporeforming bacteria that, at present, cannot be cultured in 
vitro. Therefore, they lack an official taxonomie name, as yet. 
SFB were originally described in rodents (Hampton and Rosario, 1965), and a few years 
later in chicken (Fuller and Turvey, 1971). After that, it was found that these bacteria (or 
morphologically similar species) inhabit the gastrointestinal tract of a wide range of 
vertebrate animals, including man (Klaasen et al., 1993a). In at least mice, rats and 
chickens, SFB are host specific. This was found by reciprocal transfers of SFB from mice 
and rats (Koopman et al., 1984; Tannock, 1984) or from mice and chickens (Allen, 1992). 
This suggests that these bacteria in different hosts are different species. 
Among all micro-organisms in the gastrointestinal tract, SFB probably have the closest 
association with the host. In the terminal end of the small intestine, filaments of these 
bacteria are strongly anchored with one end to intestinal epithelial cells (Davis and Savage, 
1974). For attachment, a special holdfast is formed, which enables SFB to colonize this part 
of the gastrointestinal tract. SFB attachment is associated with invagination of the apical 
membrane around the holdfast. Since the cell membrane is not damaged, SFB attachment 
does not lead to death of the infected epithelial cell, or major disturbance of the epithelial 
brush border (Erlandsen and Chase, 1974), and SFB can therefore not be considered as 
pathogenic bacteria. 
In rodents, SFB start colonizing the small intestine immediately after weaning (Davis and 
Savage, 1974). During this period, SFB can be found in enormous high numbers, making it 
the most dominant micro-organism at this site. After this period, their number gradually 
declines. SFB have a complex life cycle where, during reproduction, two infectious holdfast 
particles are formed within a bacterial mother cell (Chase and Erlandsen, 1976; Klaasen et 
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al., 1992a). These cells can grow out to spores which enable survival outside the host. 
Alternatively, live holdfast particles can directly be released. 
Mice strongly respond to the presence of SFB in the small intestine. The infected epithelial 
cells accumulate actin at the site of attachment (Jepson et al., 1993). This might increase the 
stability of SFB attachment. A similar actin accumulation at the attachment site can be seen 
in epithelial cells after infection with enteropathogenic Escherichia coli (EPEC). In these 
cells, actin accumulation is the result of a signal transduction process, which starts after 
initial E.coli binding to an epithelial receptor (Rosenshine et al., 1992). Since SFB cannot 
be cultured in vitro, possible signal transduction mechanisms evoked by SFB-binding to 
epithelial cells have not yet been studied. 
Beside a cellular response of the epithelial cell, a strong response of the mucosal immune 
system to SFB colonization is formed. SFB stimulate the development of Immunoglobulin A 
(IgA) secreting cells in the lamina propria of the small intestine, resulting in a higher level 
of "background" IgA in the intestinal contents (Klaasen et al., 1993b). Moreover, it was 
found recently that SFB induce shifts in the composition of intra-epithelial lymphocytes, 
what leads to an increased cytotoxicity of these cells (Umesaki et al., 1995). Further, SFB 
colonization leads to induction of MHC class II molecules and fucosyl asialo GM1 
glycolipids on the surface of the epithelial cells. 
SFB seem to have a preference for colonization of mucosal lymphoid epithelium, which 
might explain its strong immunogenic character. In domestic fowl, SFB attached to the villi 
of the caecal tonsil (a lymphoid aggregation in the caecal mucosa) have been observed 
(Glick et al., 1978). In dogs SFB were found attached to the tonsillar mucosa (Klaasen et 
al., 1993a). In horses (Lowden and Heath, 1995), as well as in rodents (Owen and 
Nemanic, 1978), SFB are strongly anchored to the epithelial cells of Peyer's patches. 
Although SFB are able to colonize the Peyer's patch M cells, this is only occasionally 
observed (Jepson et al., 1993). 
Several authors have suggested that SFB might increase the resistance of the host to 
infectious diseases. The high colonization levels of SFB in post-weaned animals might 
competitively lead to reduced colonization levels of ingested pathogens. Indeed, such an 
effect was found by Garland and co-workers (1982). They found that SFB inhibited 
colonization of the ileal tissue surface with Salmonella entérinais. However, in another, 
later study, the presence of SFB did not lead to significantly reduced translocation of S. 
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entérinais (Klaasen et al., 1992b). This study was performed by comparing gnotobiotic 
mice with and without SFB shortly after weaning. 
In this thesis, the symbiosis between SFB and the laboratory mouse is further described. In 
the next two chapters, the general functioning and composition of the intestinal ecosystem in 
mice is reviewed (Chapter 2), as well as the interactions between the intestinal microbial 
ecosystem and the mucosal immune system (Chapter 3). The phylogenetic relationship of 
SFB from mice with other bacteria is described on the basis of its 16S ribosomal RNA 
sequence (Chapter 4). Further, the interrelationship of SFB from mice, rats and chickens is 
presented (Chapter 5). In the next chapters, the influence of host factors on colonization 
levels of SFB (Chapter 6) as well as the influence of SFB on host factors are presented. 
Chapter 7 describes the effect of SFB on intestinal motility. In chapter 8, a mucosal IgA 
response against ovalbumin is quantified in mice with and without SFB. In chapter 9, the 
effect of SFB on resistance against S. typhimurium is presented. Furthermore, it contains a 
general discussion and conclusions. 
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CHAPTER 2 
Introduction: The ecology and function of the gastrointestinal microbiota of mice. 
The intestine contains several billions of micro-organisms divided in several hundreds of 
species. All species interact to some extent with each other, resulting in a relative stable 
composition of the gastrointestinal microbiota. In this chapter, methods to study microbial 
ecology of the intestinal tract are described, as well as the ecological mechanisms that result 
in a balanced ecosystem with beneficial effects for the host. 
2.1 Methods to study microbial ecology of the intestine 
Traditionally, microbes are enumerated by viable plate counting or most-probable-number 
techniques. The use of selective media for growth of different groups of bacteria is widely 
used. However, in several cases, bacteria cannot correctly be enumerated by plate counting 
since their plate counts do not correlate with microscopical counts (see p.e. Langendijk et 
al., 1995). Many species cannot be cultured in vitro at all. It is speculated that less than 
20% of all microorganisms can be cultured (Ward et al., 1990), whereas only a fraction of 
the total culturable and a few unculturable species are presently known. Examples of known 
unculturable intestinal bacteria are segmented filamentous bacteria in mice (reviewed by 
Klaasen et al., 1992a), or Epulopiscium fishelsoni, an intestinal inhabitant of the surgeon 
fish and considered as the largest bacterium (Angert et al., 1993). Difficulties in culturing 
techniques have led to novel methods by which bacteria can be identified without 
cultivation. 
Presently, ribosomal RNA (rRNA) is commonly used as a tool to study microbial 
populations. Since about two decades ago the gene encoding for 16S rRNA of Escherichia 
coli was sequenced (Brosius et al., 1978), many more 16S rRNA sequences of other 
bacteria have been determined. The polymerase chain reaction and improved sequencing 
technology have greatly facilitated retrieval of new sequences. At present, several thousands 
of 16S rRNA sequences of different bacteria are available in genetic databases, even from 
intestinal bacterial species that cannot be cultured in vitro (p.e. Angert et al., 1993; Snel et 
al., 1994). The 16S rRNA gene is approximately 1540 bases long, and includes several 
variable regions while the overall structure is highly conserved. This makes it possible to 
use this gene to study phylogenetic relationships between microorganisms (Woese, 1987). 
From the sequence data, rRNA-targeted oligonucleotide probes can be developed that are 
species- or group-specific. For analysis of intestinal microbiota, such probes labeled with a 
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radio-active marker have been used for the first time to study ruminai microbial ecology 
(Stahl et al., 1988). In this study, hybridization was quantified in a dot-blot procedure. 
Later, for similar studies, oligonucleotide probes were labeled with radio-active or 
fluorescent markers and used for in situ hybridization, which enables specific identification 
of individual cells (DeLong et al., 1989; Amann et al., 1990; reviewed by Amann et al., 
1995). 
Methods to study microbial ecosystems based on genetic information other than 16S rRNA 
have been described. One such technique is reverse sample genome probing (Voordouw et 
al., 1991). In this method, genomic DNA, isolated from an environmental sample, is 
labeled and used to probe filters on which denatured chromosomal DNA from relevant 
bacterial standards have been spotted. Others used probes against plasmid DNA to 
differentiate between Lactobacillus strains in the intestine of piglets (Tannock, 1989). 
A method to study microbial ecology not based on genetic information is image analysis, or 
morphometry. By this method, mixed populations of bacteria are analyzed on the basis of 
the morphological parameters of the individual cells with a microscope, a video system and 
a personal computer. Images are digitized, analyzed, and presented in a scatter plot (Meijer, 
1992). By including genetic markers, like 16S rRNA, which can be labeled with specific 
fluorescent probes, this technique makes it possible to study single species in mixed 
populations (Wilkinson, 1995). This method has been validated in human faecal samples, 
where Bifidobacterium species were quantified (Langendijk et al., 1995), and is now in the 
process of being adapted for studying murine faecal samples (Bos et al., 1996). Although 
this method might have great potential in microbial ecology, since morphological as well as 
genetic information is included, it has until now not been widely used. 
Different animal models exist to study microbial interactions in the gastrointestinal tract. 
Germfree or gnotobiotic animals can be used to study interactions between a defined number 
of bacterial species and/or the host. Germfree animals are free from any detectable form of 
life, whereas in gnotobiotic animals all the life forms are known. It should be realized, 
however, that results obtained with these animals cannot directly be extrapolated to animals 
bearing a normal microbiota, since germfree animals have certain morphological 
characteristics that are not found in conventional animals: germfree mice have an enlarged 
caecum, a thinner mucosa, and shorter villi and crypts (Abrams et al., 1963). Also 
physiological abnormalities are found in these animals: for example, intestinal motility is 
reduced (Abrams and Bishop, 1967), bile acid metabolism has changed (Gustafsson and 
Norman, 1962), and enzymatic activity is changed what leads to the inability to digest some 
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intestinal substrates. An example of such a compound is ß-aspertylglycine, which is a 
dipeptide unique to caecal contents of germfree or antibiotic-treated animals (Welling and 
Groen, 1978). Even body temperature is decreased in germfree mice and rats (Kluger et al., 
1990). Midtvedt (1985) introduced the terms microflora associated characteristics (MACs) 
and germfree animal characteristics (GACs) to discriminate between characteristics that are 
and characteristics that are not influenced by the microbiota. Association of germfree 
animals with the microbiota from animals of the same species usually results in 
establishment of the microflora associated characteristics (Midtvedt et al., 1987). For many 
experiments, specified-pathogen free (SPF) animals are used. SPF animals have an 
undefined microbiota, but are free from pathogens which can be specified. The morphology 
and physiology of the intestine of these animals better resembles the normal (conventional) 
situation, while disturbing influences of pathogens are not present. However, with respect to 
the composition of the microbiota, these animals are not standardized. 
As alternatives for animals, in vitro models have been developed. Fréter et al. (1983) used 
continuous flow cultures as a model to study the ecology of the large intestinal flora. 
Minekus et al. (1995) tried to simulate the complete intestinal tract. These models have 
certain limitations since effects of the immune system or adhesion to the epithelium are 
difficult to include. 
2.2 Acquisition, composition and distribution of the normal microbiota 
Within the uterus, fetal mice live in a sterile environment. During birth, newborn mice get 
contaminated with the vaginal flora of the dam. Within 24 h, bacteria such as lactobacilli 
and streptococci appear in all regions of the gut, but especially in the stomach where they 
colonize the gastric epithelium (Schaedler et al., 1965; Savage et al., 1968). Shortly 
thereafter, enterococci, which are up to that moment present in low numbers, multiply and 
become dominant microbes. Later, around the time of weaning when animals begin to eat 
solid food, facultative aerobic bacteria create an environment with a low oxygen pressure, 
which is suitable for strict anaerobic species. Enterococci are then replaced by strict 
anaerobes, like Bacteroides species and fusiform-shaped bacteria. The Lactobacillus 
population remains at high levels during life. After weaning, the composition of the 
microbiota more and more resembles the adult situation. Some microbes, like segmented 
filamentous bacteria, only colonize the small intestine after weaning (Davis and Savage, 
1974). 
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The acquisition of the normal microbiota in newborn mice differs from colonization pattern 
of an adult germfree mouse placed in a conventional environment. For example, where it 
takes a week before Enterobacteriaceae can be detected in newborn mice, germfree mice 
placed in a conventional environment have high numbers of these bacteria within 24 hours 
(VanderWaaij, 1986). 
Presently, it is thought that the intestinal microbiota consists of approximately 400 to 500 
species (Moore and Holdeman, 1974). The terminology to describe the status of a bacterial 
species in the intestinal microbiota of the host is rather complex (reviewed by Rusch, 1989). 
Bacteria are referred to as being autochthonous or allochthonous, indigenous or non-
indigenous, transient or resident, and various other terms are used. In the description of 
Dubos et al. (1965), autochthonous bacteria have achieved a state of symbiosis with their 
host through a long period of evolutionary adaptation, and therefore they consist at a 
constant high level throughout life. The indigenous microbiota consists of both potentially 
pathogenic and autochthonous bacteria. Further, it includes members of the "normal" 
microbiota, which are species that are so ubiquitous in a community that they have 
colonized almost all members. Others (p.e. Savage, 1984) use autochthonous and 
indigenous microbiota as synonyms of native inhabitants, whereas the normal microbial 
species are defined as indigenous (or allochthonous) species that are not involved in disease 
processes. Here, these terms are used according to the latter definitions. 
At the adult stage, 99% of all intestinal bacteria are anaerobes. The large intestine is most 
heavily colonized, where bacterial levels of 4x10ю per gram wet weight have been described 
in mice (Harris et al., 1976). Lower levels of bacteria are found in the small intestine and 
stomach. This is largely due to the low pH in the stomach, and the high peristalsis of the 
small intestine. 
2.3 Mechanisms that regulate the composition of the intestinal microbiota 
The microbial ecosystem of the gut is stabilized in its composition of species that leads to 
most efficient use of all ecological niches (Alexander, 1971). This stabilization is influenced 
by host related factors, the host diet, as well as by interactions between microbial species. 
Several host related factors regulate the composition of the microbiota: the low pH of the 
gastric juice kills many ingested bacteria, intestinal motility eliminates microbes by 
propulsion of the gut contents (Dixon, 1960), while impaired motility leads to overgrowth 
of especially Gram-negative bacilli (Vantrappen et al., 1977; Husebye et al., 1995). The 
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role of the immune system, especially IgA, in regulating composition of the microbiota will 
be discussed in chapter 3. Whether a microbe can resist host influences depends to a large 
extend also on the characteristics of the bacterium. Some species are very acid tolerant, like 
many lactobacilli. Further, the ability of a bacterium to adhere to the mucosa is very 
important since this prevents elimination by intestinal motility. For some bacteria, like E. 
coli or segmented filamentous bacteria, this ability to adhere is strongly influenced by host 
age (Runnels et al., 1980; Cheney and Boedeker, 1984; Klaasen et al., 1990). 
Food intake is an important factor regulating the composition of the microbiota. Mice that 
were deprived of food and water had a decreased level of lactobacilli, while 
enterobacteriaceae levels were strongly increased (Tannock and Savage, 1974). Nutritional 
influences on interactions between bacteria and the small intestinal mucosa have been 
studied intensively (reviewed by Kelly et al., 1994). Food components can stimulate growth 
of one species or inhibit growth of another species. For example, segmented filamentous 
bacteria could not be detected in mice fed purified diets (Klaasen et al., 1991), whereas a 
natural-ingredient diet containing Phaseolus vulgaris was found to stimulate colonization of 
these bacteria (Klaasen et al., 1992b). However, many bacterial species use 
mucopolysaccharides from the host as a substrate, which makes these species less dependent 
on the composition of the diet (Neutra and Forstner, 1987). This might explain why the 
overall composition of the microbiota is rather stable. 
In the microbial ecosystem of the gut, bacteria interfere with each other by competition for 
nutrients (Fréter, 1974) and adhesion sites on the intestinal mucosa (Fréter et al., 1983). 
Several species produce toxic metabolites such as volatile fatty acids, which inhibit growth 
of other bacteria (Lee and Gemmell, 1972; Que et al., 1986; Silva et al., 1987). 
2.4 Colonization resistance 
The indigenous microbiota tend to suppress colonization and translocation of newly 
administered bacteria (Abrams and Bishop, 1966). Van der Waaij et al. (1971) coined the 
term colonization resistance for this mechanism, which was defined as the log number of a 
micro-organism required for oral contamination to establish colonization and excretion with 
the faeces for 2 weeks after contamination in 50% of a group of animals of the same species 
and strain. Since anaerobes represent the majority of intestinal bacteria, in an experimental 
setup the combined effect of 95 anaerobic bacteria cultured from mouse caeca on Shigella 
flexneri levels in mono-associated ex-germfree mice was investigated (Fréter and Abrams, 
1972). Although S. flexneri levels were strongly reduced, a much better effect was found if 
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next to the anaerobes also E. coli was administered, indicating that both anaerobes and 
aerobic bacteria are involved in colonization resistance. Others showed that bacteria that 
were present in extremely low population levels are important for colonization resistance: 
only caecal dilutions of 10"', but not of 10° or more were able to induce normal colonization 
resistance in ex-germfree mice (Koopman et al., 1984). The caecum contributes 
significantly to a good colonization resistance. Surgical removal of the murine caecum 
reduces the number of anaerobes, resulting in reduced levels of volatile fatty acids and an 
increased number of coliform bacteria (Eyssen and Parmentier, 1974; Voravuthikunchai and 
Lee, 1987). The colonization resistance of an animal can be estimated by determining the 
number of Enterobacteriaceae biotypes: a good correlation has been found between the 
concentration of an infectious bacterium and the average number of different biotypes of 
Enterobacteriaceae in the faeces of conventional animals (Van der Waaij and Berghuis, 
1974). Another correlation has been found between the intestinal concentration of ß-
aspertylglycine and disturbance of colonization resistance (Welling et al., 1980). High 
concentrations of ß-aspertylglycine are detected in germfree or antibiotic-decontaminated 
animals. Decreased colonization resistance is frequently accompanied by overgrowth of 
pathogenic bacteria, leading to increased translocation and mortality. Important factors 
decreasing colonization resistance are administration of antibiotics (Van der Waaij et al., 
1971) and environmental stress (Tannock and Savage, 1974). 
2.5 Translocation 
The normal entry of many pathogenic bacteria into the body is via the oral route. The 
enterocytes and follicle associated epithelium of Peyer's patches appear to be sites for 
adherence and subsequent translocation. Bacterial translocation is defined as the passage of 
viable bacteria from the gastrointestinal tract to extraintestinal sites, such as the mesenteric 
lymph node complex, liver, spleen, kidney, and blood (Berg and Garlington, 1979). This 
definition implies that if bacteria are killed in transit and the cultures of extraintestinal sites 
are therefore negative, no translocation has occurred (Berg, 1992). This makes the host 
immune system an integral component in the prevention of bacterial translocation. Beside 
real pathogens that are normally absent from the gut, the intestinal microbiota contain 
several species that can translocate. Host factors that promote translocation are increased 
permeability of the mucosal barrier, like haemorrhagic shock (Baker et al., 1988) or thermal 
injury (Deitch et al., 1986), and deficiencies in the host immune system (Owens and Berg, 
1980; Ohsugi et al., 1996). Both CD4+ and CD8+ Τ cells are involved in inhibition of 
experimental translocation (Gautreaux et al., 1994, 1995). However, others have shown that 
defence mechanisms other than Τ and В cells, i.e. polymorphonuclear leukocyte function or 
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2.6 Conclusion 
Although several microbiota associated mechanisms, like colonization resistance and 
translocation, have been studied in more detail, the mechanisms that regulate the stable 
composition of the microflora are poorly understood. This can in part be explained by the 
fact that our knowledge of bacterial interactions has been limited or even biased by culturing 
techniques, whereas many bacteria cannot be cultured in vitro. Use of methods that are not 
based on cultivation will improve our knowledge about processes that occur in a complex 
microbiota. Gnotobiotic techniques, as well as in vitro models provide the tools to study 
bacterial interactions in a controlled environment with a limited number of species. 
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system. 
Taking into consideration that the intestinal lumen of a mouse has a surface area of several 
square meters, and that bacteria in the intestine outnumber the cells of the host, it is not 
surprising that the indigenous microbiota have an intimate contact with the host. This results 
in complex reciprocal interactions, which lead to a defense system that is able to eliminate 
pathogens from the host. In this chapter, these interactions will be described with special 
emphasis on interactions between the mucosal immune system of the host, and non­
pathogenic indigenous bacteria. 
3.1 Gut Associated Lymphoid Tissue 
The mucosal immune system is exposed to various antigens from food, the indigenous 
microbiota and pathogenic bacteria. Immune reactivity against food antigens or commensal 
bacteria is unnecessary or even unwanted, whereas pathogens need to be prevented from 
adhesion, translocation and subsequent pathogenesis. For this reason, the gut associated 
lymphoid tissue balances between tolerance and immune reactivity. To perform its function, 
several immune compartments exist in the intestinal tract. 
Peyer's patches serve as samplers from where continuous uptake of antigens from the 
intestinal tract takes place. To elicit an immune response, antigens must be transported from 
the gut lumen across the epithelium. Then they can get processed by antigen presenting 
cells. The gut epithelium overlying Peyer's patches contains M-cells that are specialized to 
transport antigens from the gut lumen into the lymphoid tissue (Owen and Jones, 1974). 
This transepithelial transport is enhanced by Ig A coating of the particles (Weltzin et al., 
1989). In rodents and human about 10% of the follicle associated epithelium consists of M-
cells. Peyer's patches contain large numbers of Τ cells, В cells, macrophages, and dendritic 
cells (MacDonald and Spencer, 1994). Interactions between these cells lead to germinal 
center reactions, and the production of effector cells that can be transported to other parts of 
the gut associated lymphoid tissue. 
The gut mucosa consists of two distinct populations of diffusely distributed lymphocytes: 
intraepithelial lymphocytes (IEL) that are found above the basal lamina, and lamina propria 
lymphocytes that are found below the basal lamina. IEL are mainly CD8+ Τ cells, whereas 
in the lamina propria both Τ cells and В cells are found. Most lamina propria Τ cells are 
CD4+. Plasma cells found at this region predominantly produce IgA isotype antibodies. The 
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number of lymphoid cells of the intestinal mucosa exceed the number of cells in any other 
lymphoid organ in the body, and the amount of secretory Ig A produced by mucosal plasma 
cells on a daily basis is higher than than the production of IgG. 
3.2 Secretory Immunoglobulin A 
The main isotype of antibodies found in the mucosa is IgA produced by В cells that have 
developed into plasma cells. Conventional В cells, or B-2 cells, leave the Peyer's patches 
after antigenic stimulation in germinal center reactions (Weinstein and Cebra, 1991), and 
migrate through the many lymphatic organs to the lamina propria where they produce IgA 
(Husband and Gowans, 1978). Proliferation of IgA-secreting cells may also take place in the 
lamina propria (Husband and Gowans, 1978). Next to this well known route, IgA can be 
produced by plasma cells in the lamina propria that are derived from the B-l cell lineage 
(Kroese et al., 1989). B-l cells form a major fraction of the В cells in the peritoneal cavity, 
but are virtually absent from Peyer's patches and lymph nodes. These cells can 
phenotypically be distinguished from other В cells by expression of Ly-1, high expression 
of IgM and low expression of IgD. Functionally, IgA secreting B-l cells differ from B-2 
cells in that IgA production by these cells is independent of IL-6 (Beagley et al., 1995). 
Recently, it was suggested that IgA produced by B-l cells is commonly directed against 
epitopes found on indigenous bacteria (Bos et al., 1996; Kroese et al., 1996). 
It is thought that IgA can prevent or at least reduce translocation of bacteria to extra­
intestinal organs. Traditionally, IgA has been seen as an immune barrier that acts in the 
intestinal lumen and prevents adherence and adsorption of pathogens (Williams and 
Gibbons, 1972). Indeed, it was found that passive immunization with purified secretory IgA 
from vaccinated germfree mice was protective against enteric Vibrio cholerae infection 
(Fubara and Fréter, 1973). Furthermore, passive oral administration of monoclonal IgA 
against Vibrio cholerae could prevent colonization of neonatal mice with this bacterium 
(Apter et al., 1993; Lee et al., 1994). In another approach, by implanting subcutaneous 
tumours of IgA producing hybridoma's, a similar efficient protection was found against 
Salmonella typhimurium (Michetti et al., 1992), or V. cholerae (Apter et al., 1993). Also 
toxins could be neutralized by IgA in the intestinal lumen: by using monoclonal antibodies 
against Clostridium difficile toxin A, mice were found protected against experimental 
pseudomembranous colitis (Cormier et al., 1991). 
The protective functions of IgA are not limited to the intestinal lumen. Another mechanism 
by which IgA can act is the forming of aggregates of translocated particles in the lamina 
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propria. These particles can then be transported via the epithelial cells to the gut lumen 
(Kaetzel et al., 1991). This process is mediated by the transmembrane secretory component, 
and therefore dimeric IgA is necessary for this function. After intracellular transport, 
particles are secreted in the gut lumen, and can efficiently be removed from the intestine by 
peristaltic movements. 
Recently, a third mechanism of action has been described. IgA is produced by plasma cells 
in the lamina propria and intracellularly transported via the epithelial cell to be secreted in 
the gut lumen. Mazanec et al. (1992, 1993) found virus neutralization by intracellular IgA 
within the epithelial cells. 
3.3 Intraepithelial Lymphocytes 
Because of the unique anatomical location of intestinal intraepithelial lymphocytes (IEL), 
these cells are considered to play a role, together with the intestinal epithelial cells, in the 
first line of immunological defense against intestinal pathogens. 
The IEL population in the small intestine of mice consists of different subsets. Most cells 
are CD8+, having either an aß or γδ Τ cell receptor (TCR). The CD8 molecule consist 
either of two a chains or an α and β chain (not to be confused with the aß-TCR). A 
CD4/CD8 double positive population is frequently found. Some cell types have a Thy-1 
marker. The majority of IEL are extrathymically derived. However, CD4+ as well as 
CD8aß+ IEL are thought to be derived from the thymus (Rocha et al., 1991). 
Most information on IEL is based on small intestinal tissue. However, IEL can be found in 
the large intestine as well. Here, CD4+ cells are as prevalent as CD8+ cells. Further, most 
TCR-yô+ cells in the large intestine are CD4CD8", whereas in the small intestine they are 
largely CD8+. These data suggest that IEL in the large intestine form a distinct population 
of lymphocytes (Camerini et al., 1993). Regional variations in immune activity are also 
found within in the small intestine: MHC class II expression is higher in the ileum than in 
the duodenum (Sidhu et al., 1992), and aß-TCR+ IEL have shorter half lives in the ileum 
(Penney et al., 1995). This might both be related with the more abundant microbiota in the 
ileum when compared to the duodenum. 
Proliferation of IEL is independent of Peyer's patches or lymph nodes, and most likely takes 
place in the intraepithelial space (Nanno et al., 1994; Imaoka et al., 1996), but proliferation 
of these cells is not as high as that of other Τ cells (Sydora et al., 1993). The half lives of 
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aß-TCR+ IEL and yô-TCR+ IEL were determined by BrdU-labeling. Half lives were found 
to be several weeks, whereas γδ-IEL had longer half lives than aß-IEL. These half lives are 
much longer than that of the surrounding epithelial cells that have half lives of 2-3 days, 
what suggests that IEL adhere stronger to the basement membrane than to epithelial cells 
(Penney et al., 1995; Imaoka et al., 1996). 
The function of IEL in immune defense is still poorly understood. Freshly isolated IEL kill 
Fc receptor-positive target cells in the presence of anti-TCR monoclonal antibody (Goodman 
and Lefrancois, 1989). This cytotoxic, or cytolytic, activity of TCR-γδ*, but not of TCR-
ccß+ cells was found to be mouse strain dependent (Ishikawa et al., 1993; Kawaguchi et al., 
1993). IEL respond well to intestinal pathogens such as parasites (Findley et al., 1993), 
pathogenic bacteria (Yamamoto et al., 1993), and viruses (Cuff et al., 1993). 
The role of CD4+ IEL is obscure. Although epithelial cells are known to express MHC 
class II molecules (Matsumoto et al., 1992; Sanderson et al., 1992, 1993), and therefore 
might act as antigen presenting cells, interactions between epithelial cells and CD4+ IEL 
have not yet been described in vivo. 
3.4 Influence of the normal intestinal microbiota on functioning of the mucosal immune 
system 
Much information about the influence of intestinal microbiota on the mucosal immune 
system is known by comparison of germfree and conventional animals. This revealed many 
differences which could be summarized by the conclusion that in germfree mice all mucosal 
immune reactions can develop normally, but a higher percentage of resting cells is found. 
This results in a much lower number of lymphocytes in practically all lymphoid organs. 
Experimentally, the processes that normally occur during development of mice can be 
studied by association of germfree mice with the conventional microbiota of another mouse. 
These processes of "conventionalization" or "normalization" have been studied by several 
research groups. 
IgA plasma cells strongly increase in the lamina propria after association of germfree mice 
with a complete intestinal microbiota, but a relatively weak response was found after 
association with cultured strains of bacteria (Moreau et al., 1982; Koopman et al., 1983). 
More recently it was found that segmented filamentous bacteria are potent activators of the 
IgA response (Klaasen et al., 1993). 
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Intraepithelial lymphocytes strongly increase in number after colonization of germfree mice 
with intestinal microbiota (Umesaki et al., 1993). This increase was most dominantly found 
in ccß-TCR or Thy-1 bearing T-cells, whereas microbial colonization does hardly influence 
the characteristics and pool size γδ-TCR* Τ cells (Bandeira et al., 1990; Umesaki et al., 
1993). The shifts in IEL subpopulations were substantially induced by intestinal chloroform-
resistent micro-organisms (Okada et al., 1994), in particular segmented filamentous bacteria 
(Umesaki et al., 1995). In these studies, the shifts were accompanied by an increased 
cytolytic activity of the IEL. 
In mice, the most important changes in the intestinal microbiota occur during weaning. 
Simultaneously, the mucosal immune system shows a whole series of changes. After 
weaning, background immunoglobulin production in the small intestine strongly increases 
(Moreau et al., 1982; Van der Heijden et al., 1989), the phenotypes of the IEL population 
shows some remarkable shifts (Umesaki et al., 1993), and the epithelium starts expression 
of several new surface markers like glycolipids (Umesaki and Ohara, 1989) or MHC class II 
molecules (Matsumoto et al., 1992; Sanderson et al., 1992, 1993). In part, changes in 
immune functioning can be explained by the abrogation of the intake of maternal IgA after 
weaning. Maternal IgA seems to delay the development of IgA responses in newborn mice 
(Kramer and Cebra, 1995). Experiments with germfree animals, however, have revealed 
that many of these changes are associated with the colonization of microbes. There is a 
difference in immunogenicity between different members of the intestinal microbiota: 
Lactobacillus, Eubacterium, or Streptococcus species do not stimulate the mucosal IgA 
response whereas for example E. coli does (Moreau et al., 1978). However, these responses 
were not as high as that of the complete indigenous microbiota (Moreau et al., 1982). 
Segmented filamentous bacteria seem to play a pivotal role in this process (Klaasen et al., 
1993; Umesaki et al., 1995). This might be related with the finding that these bacteria can 
colonize the follicle associated epithelium of Peyer's patches (Owen and Nemanic, 1978; 
Jepsonetal., 1993). 
The intestinal microbiota have great influence on the functioning of the systemic immune 
system too. However, this is beyond the scope of this review. 
3.5 Responses of the mucosal immune system towards the indigenous microbiota 
Since IgA could prevent adherence of the species to the intestinal mucosa, it might 
selectively influence the composition or stability of the microbiota. Indeed, several non-
indigenous pathogens, like Salmonella typhimurium or Vibrio cholerae are efficiently 
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removed from the intestine by IgA (Fubara and Fréter, 1973; Michetti et al., 1992; Apter et 
al., 1993). However, if mono-associated ex-germfree mice had been orally vaccinated, V. 
cholerae levels were only slightly reduced, whereas in ex-germfree mice in which 
antagonistic bacteria had been implanted, vaccination was much more effective in reducing 
V. cholera counts (Shedlofsky and Fréter, 1974). These findings were supported by 
experiments with athymic nude mice, that have impaired mucosal immunity as a 
consequence of the absence of a thymus. Athymic nude mice were shown to have a higher 
number of Enterobacteriaceae biotypes in their faeces when compared to thymus-bearing 
littermates (Van der Waaij, 1988). Furthermore, in humans, breast-fed infants have lower 
incidences of bacterial infections than infants fed cow-milk (Carlsson and Hansson, 1994). 
All these experiments suggest that both a good immune system and the intestinal microbiota 
are necessary to eliminate or at least reduce unwanted microorganisms in the gut. From the 
experiments of Shedlofsky and Fréter (1974), it was concluded that local immunity affects 
mostly mucosa-associated bacteria and not those in the lumen, whereas bacterial antagonism 
was thought to reduce the overall growth rate of the affected bacteria most effectively in the 
lumen. 
Although it is well documented that the mucosal immune system can reduce colonization of 
pathogenic bacteria, the effect on the indigenous microbiota is less clear. From experiments 
where anaerobic bacteria isolated from the faeces were parenterally administered into the 
same animals, it was found that the animals did not, or only weakly respond with the 
production of humoral antibodies, while the bacteria were normally immunogenic in other 
species (Foo and Lee, 1972). Likewise, non-indigenous species induced a higher humoral 
immune response in mice than indigenous bacteria (Berg and Savage, 1975). At that time, it 
was proposed that mice were tolerant to their own indigenous flora while these bacteria 
where normally immunogenic. Recently, it was shown in humans that individuals were 
tolerant toward the autologous microbiota, whereas microbiota from other individuals 
induced proliferation of mucosal Τ lymphocytes (Duchmann et al., 1995). It is unclear how 
the mucosal immune system can build up an effective response against non-indigenous 
microorganisms while remaining tolerant to the indigenous microflora, especially since 
these microorganisms have multiple shared antigens (MacDonald, 1995). 
Although indigenous bacteria only generate a weak immune response, secretory IgA can 
bind to a large fraction of the intestinal microbiota, including the anaerobes. In humans, it 
was found that 24-74% of all bacteria in the faeces are coated with IgA (Van der Waaij et 
al., 1996). In mice similar results are found in the faeces, colon and caecum, whereas about 
90% of the bacteria in the small intestine are coated with IgA (Kroese et al., 1996). Despite 
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such large quantities of IgA in the gut lumen, these coated indigenous bacteria are not 
eradicated from the intestine. It was demonstrated by Kroese et al. (1996) that much of the 
mucosal IgA is produced by B-l lymphocytes and that this IgA could react with the 
intestinal microbiota. These authors speculated that B-l cell-derived IgA might play a role 
in homeostasis of the composition of the gut microbiota since the antibody repertoire of B-l 
cell lineage is formed in neonatal mice, and is fixed thereafter. However, this hypothesis is 
difficult to test since it is presently not possible to differentiate between IgA derived from 
B-l or B-2 cells in normally immunocompetent mice. 
Recently, long-term interactions between a commensal bacterium and the mucosal immune 
system were studied (Shroff et al., 1995). In mono-associated ex-germfree mice, a humoral 
mucosal immune response was formed against Morganella morganii. The mucosal immune 
response persisted in the absence of germinal center reactions in Peyer's patches, what 
suggests that memory В cells derived from germinal center reactions in Peyer's patches are 
present for a long time and generate IgA-secreting cells. Despite endogenous coating with 
IgA, these bacteria could permanently colonize the gut. However, translocation to extra­
intestinal organs was efficiently prevented. This supports the earlier hypothesis of 
Shedlofsky and Fréter (1974) that the immune system is active at the mucosal sites, whereas 
bacterial antagonism reduces colonization of the intestinal lumen. 
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CHAPTER 4 
Phylogenetic characterization of Clostridium related segmented filamentous bacteria in 
mice based on 16S ribosomal RNA analysis. 
The small intestine of many animals is inhabited by non-pathogenic segmented filamentous 
bacteria (SFB). SFB are strongly attached with a holdfast to intestinal epithelial cells and to 
cells of Peyer's patches. In the terminal segments of SFB, spores are formed. Previously, 
SFB have been mono-associated with germ-free mice. At present, this is the only available 
method to obtain mono-bacterial cultures of SFB. These symbiotic bacteria cannot be 
cultured in vitro, and have therefore never been characterized phylogenetically. Here, we 
describe for the first time the phylogenetic relationship of SFB found in mice with other 
bacteria. Total DNA was extracted from SFB, which were isolated from the ileum of these 
mono-associated mice. Parts of the gene coding for 16S rRNA, corresponding to positions 
27 to 1100 and 27 to 1492 in E. coli 16S rRNA, were amplified by PCR using conserved 
rRNA-targeted oligonucleotide primers. Cloning, sequencing and successive analysis of the 
amplified 16S rRNA sequences showed that SFB form a distinct group that is most closely 
related to Clostridium species. Oligonucleotide probes were developed and directed against 
parts of the V2, V6 and V9 variable regions of the SFB 16S rRNA. The specificity of these 
probes was confirmed by southern blot analysis of the PCR-products obtained from total 
SFB DNA extracts, as well as by in situ hybridization experiments, directly performed on 
SFB cells in the ileum of mice. 
Introduction 
Autochthonous, segmented filamentous bacteria (SFB) inhabiting the ileum of mice, have 
been extensively studied morphologically (Chase and Erlandsen, 1976; Koopman et al., 
1987; Blumershine and Savage, 1978; reviewed by Klaasen et al., 1992). Nevertheless, all 
attempts to culture these Gram-positive bacteria in vitro were unsuccessful (Davis and 
Savage, 1974; Koopman et al., 1984a, 1988; Tannock et al., 1987) and therefore, SFB were 
never phylogenetically characterized. 
Electron microscopic studies have demonstrated a considerable morphological diversity of 
SFB. Different morphotypes of SFB can be distinguished. One type has defined transverse 
septa and shows distinct rounded single cells which cause a beaded appearance. Another 
type shows no clearly externally visible segmentation. Within the ileum, SFB are firmly 
attached, either to the epithelial cells of the villi, or to that of Peyer's patches with a 
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morphotype described as holdfast (Chase and Erlandsen, 1976; Blumershine and Savage, 
1978). In the terminal segments of the SFB, spores are formed. Chase and Erlandsen (1976) 
stated that the deposition of spore walls of SFB is morphologically identical to that in 
Clostridium and Bacillus. Nevertheless, SFB spores are more sensitive to heating than 
spores from Bacillus and Clostridium (Koopman et al, 1988). 
SFB have been found in many other vertebrate species, including man (Klaasen et al., 
1993). It has not been possible to transmit these bacteria from mouse to rat and vice versa 
(Tannock et al., 1984; Koopman et al., 1984b), or from chicken to mice and vice versa 
(Allen, 1992). From this, it can be concluded that SFB show a great degree of host 
specificity. 
Previously, SFB have been mono-associated with germfree mice (Klaasen et al., 1991). This 
resulted in an in vivo culturing system, which enables the isolation of SFB that are free of 
other bacteria. At present, this is the only available method to obtain pure cultures of SFB. 
For microbial organisms, sequence analysis of the 16S rRNA gene can be used for 
phylogenetic positioning (Woese, 1987). The degree of sequence similarity between 16S 
rRNA molecules from different organisms reflects the phylogenetic distance between these 
organisms. With the aid of the polymerase chain reaction (PCR) and conserved rRNA-
targeted oligonucleotide primers, the 16S rRNA gene can be amplified and subsequently 
analyzed, even for micro-organisms that cannot be cultured in vitro (Ward et al., 1990; 
Amann et al., 1991). From the 16S rRNA sequence data, specific rRNA-targeted 
oligonucleotide probes can be developed, which can be used for in situ hybridization 
experiments (DeLong et al., 1989; Amann et al., 1990b). 
The aim of the present study was to retrieve 16S rRNA sequence information in order to 
phylogenetically characterize SFB, isolated from the ileum of mono-associated mice. 
Materials and Methods 
Isolation of bacteria. Cpb:SE (Swiss) mice, mono-associated with SFB (Klaasen et al., 
1991) were used as a source of bacteria. Four mice, 4-8 weeks old, were sacrificed by 
cervical dislocation. The distal ends of the small intestine were removed under sterile 
conditions, and intestinal contents were pooled and stored at -20°C until use. A smear was 
Gram-stained and microscopically examined for the presence of bacteria. For in situ 
hybridization experiments, bacteria from a two months old Cpb:SE (Swiss) mouse, 
containing a specified pathogen-free (SPF) microflora, were used immediately after 
isolation. 
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Extraction of nucleic acids. Approximately 150 μΐ intestinal contents, containing 105 
filaments per ml, was diluted with saline to a total volume of 500 μ\. Five μΐ of Proteinase 
К (20 mg/ml) and 25 μΐ 10% SDS solution were added. This was incubated at 55°C for 1 h. 
0.5 ml glass beads (0.1-0.11 mm) were added to the sample, and cells were disintegrated in 
a bead beater (B. Braun Α. Cr. Melsungen, Germany). The average size of the recovered 
DNA was not determined. After bead beating, the sample was centrifuged, and the 
supernatant was collected. The solution was extracted with phenol, phenol/chloroform (1:1) 
and chloroform/isoamylalcohol (24:1) respectively. Nucleic acids were precipitated by 
adding 0.1 vol. 3M sodium acetate and 1 vol. isopropanol. After incubation for lh at -70°C 
and centrifugation at 5000 g for 15 minutes, the pellet was dissolved in 20 μΐ TE-buffer. 
Oligonucleotides. Oligonucleotides targeted to conserved ribosomal RNA gene regions were 
used as primers for PCR. The sense primer 27f (5'-CACGGATCCAGAGTTTGAT(C/T)-
(A/C)TGGCTCAG-3') is homologous to E. coli 16S rRNA positions 8-27 (Brosius et al., 
1978), and contains an internal ВатШ site. The antisense primer 1492r (5'-GTGAAGC-
TTACGG(C/T)TACCTTGTTACGACTT-3') and UOOr (5'GTGAAGCTTAGGGTTGC-
GCTCGTTG-3') are complementary to E. coli 16S rRNA position 1492-1513 and 1100-
1115 respectively (Lane, 1991). Both primers contain an internal ffi'nDIII site. All PCR-
primers were obtained from Pharmacia, Woerden, The Netherlands. For in situ 
hybridization experiments, Eub338, a probe complementary to part of the 16S rRNA of all 
Bacteria (Amann et al., 1990a) and SFB-probes (see Results, section Probe design and 
southern blotting) were synthesized and З'-labeled with rhodamine by Eurogentec, Seraing, 
Belgium, was used. 
Polymerase chain reaction (PCR) amplification, cloning and sequencing. A standard PCR 
was performed in a total volume of 100 μΐ containing 50 mM KCl, 20 mM Tris/HCl pH 
8.4, 5 mM MgCl2, 5 μΐ 1% W-l detergent (Gibco-BRL, Breda, The Netherlands), 200 μΜ 
of each dNTP, 0.2 μΐ Taq polymerase (Gibco-BRL, 51Ι/μ1), 1 μΐ of each primer (100 ng/μΐ) 
and 1 μΐ nucleic acid preparation. Thirty-five rounds of temperature cycling (93 °C for 1 
min, 48CC for 2 min and 72°C for 3 min) in a DNA thermal cycler (Perkin Elmer, 
Norwalk, CT) were followed by a seven minute incubation at 72CC. Amplification products 
were separated by TAE-agarose (0.04M Tris-acetate, 0.001M EDTA, 1.2% agarose) gel 
electrophoresis. The fragments were subsequently excized and purified by the GeneClean 
procedure (Bio 101, La Jolla, CA). Amplification products were cleaved with restriction 
enzymes ВатШ and НігіОШ and cloned into phage M13mpl8 by standard methods 
(Sambrook et al., 1990). Cloned amplification products were sequenced using a T7 DNA 
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polymerase kit (Pharmacia, Woerden, The Netherlands) following the manufacturer's 
instructions. 
Sequence alignment and phylogenetic tree construction. The partial nucleotide sequence was 
aligned to other homologous bacterial sequences taking into account primary and higher 
order structure similarity. The reference sequences were taken from public databases (Olsen 
et al., 1992; De Rijk et al., 1992). Evolutionary distance values were calculated according 
to Jukes and Cantor (1979). Distance matrix trees were reconstructed using the neighbour 
joining method of Saitou and Nei (1987) as implemented in the program NEIGHBOR of 
Felsensteins (1982) PHYLIP package. Parsimony and maximum likelihood analyses were 
performed using the programs DNAPARS (Felsenstein, 1982) and fastDNAml (Olsen et al., 
1992). 
Probe development and evaluation of the probes. The 16S rRNA sequence of SFB was 
aligned to 10 Clostridium species using the program CAMMSA. Within the variable 
regions, three different oligonucleotide probe sequences (table 1) were selected by 
inspection and compared to sequences available from public databases. 
A total of 10 different PCR reactions were performed as described earlier. Six reaction 
mixtures contained DNA extracted from different Clostridium species: C. beijerinckii 
(ATCC 25752), C. tyrobutyricum (ATCC 25755), С acetobutyricum (ATCC 824), С 
sporogenes (ATCC 3584), С bifermetans (ATCC 638) and С butyricum (ATCC 19398). 
The other four contained no DNA, or DNA extracted from the intestinal contents of, 
respectively, a germ-free mouse, a mouse mono-associated with SFB, and a mouse 
containing an SPF microflora. DNA was isolated as described earlier, with the exception of 
the use of the bead beater. Aliquots of the amplification products were analyzed on a 1.2% 
agarose gel, and transferred to a nylon membrane (Hybond N+; Amersham International, 
Amersham, England) by a standard procedure as described in Sambrook et al. (1989), and 
covalently bound to the membrane by UV irradiation. The membrane was placed in 
pre/hybridization buffer (0.5M Na2HP04 [pH 7.2], 1% Bovine serum Albumin, 1 mM 
EDTA, 1% SDS). Probes were 5'-labeled with [γ-32Ρ]ΑΤΡ by a standard procedure 
(Sambrook et al., 1989). Hybridization was performed in pre-/hybridization buffer to which 
labeled probe was added at 40°C for 16 h. The blots were washed 2x30 min at a fixed 
stringency in 2x SSC, 0.1% SDS wash solution. Wash temperatures and stringency of the 
wash solution were determined empirically. Blots were autoradiographed between 
intensifying screens. 
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Fluorescent oligonucleotides and in situ hybridization. Bacterial cells, isolated from the 
ileum of a mouse containing an SPF microflora, were fixed in paraformaldehyde solution as 
described by Amann et al. (1990a), and stored in PBS/ethanol at -20°C. The fixed bacteria 
were spotted onto Vectabond-treated glass slides (Vector Laboratories, Inc., Burlingame, 
USA) and allowed to air dry for 1 h. An aliquot of 8 μ\ hybridization solution (0.9 M NaCl, 
20 mM Tris/HCl, 0.01% SDS, pH 7.2) containing 50 ng SFB-specific oligonucleotide 
probe (see table 1) was applied to the air dried cells of the prepared slide and incubated 
overnight at 45 °C in an isotonically humid chamber (Zarda et al., 1991). The slides were 
immersed in washing solution (0.9 M NaCl, 20 mM Tris/HCl, 0.01% SDS, pH 7.2) at 
45 °C for 15 min. Slides were briefly rinsed with sterile water (0.2 /mi filter), air dried and 
mounted in Citifluor (Citifluor Ltd, London, UK). The cell smears were viewed using a 
Nikon Inverted Microscope Diaphot (model TMD) equipped with a Bio-Rad MRC-600 
Confocal Imaging System (Bio-Rad, Cambridge, Mass., USA). An argon-krypton laser 
provided the spot source for illumination. Optical section thickness was about 0.5 /¿m. 
Photographs were taken from a high resolution flat screen monochrome monitor on Agfa 
APX 100 film. 
Results 
PCR-amplification, cloning and selection of the clones. 
PCR amplification of part of the 16S rRNA gene, with the use of primers 27f and HOOr, 
resulted in the appearance of a PCR fragment of about 1 kb. The terminal ends of this PCR-
amplified product were directly sequenced, using the PCR-primers for the sequencing 
reactions. The fragment was cloned in bacteriophage M13mpl8. This resulted in about 50 
recombinant clones. Ten clones were selected, and screened for phage RFs containing the 
proper length insert. One of these clones was sequenced for E. coli positions 53-1100. 
The PCR amplification was repeated with primers 27f and 1492r, resulting in the 
appearance of a PCR fragment of about 1.5 kb. Cloning in M13mpl8 yielded about 200 
recombinant clones. Nine clones were selected, and screened for the presence of phage RFs 
with an insert of 1.5 kb. Seven clones containing the proper length insert, were sequenced 
using primer HOOr. All selected clones showed the same sequence pattern for E. coli 
positions 876-1062. The complete insert of 1 of these 7 clones was sequenced using internal 
universal primers (Lane, 1991). This resulted in a sequence of 1428 nucleotides long, 
corresponding to E. coli positions 43-1491. All other sequenced parts were identical to this 
sequence. The sequence itself is shown in Table 4.1, and has been deposited with the 
EMBL database under accession number X77814. 
44 
Phytogeny of segmented, filamentous bacteria 
1 
51 
101 
151 
201 
251 
301 
351 
401 
451 
501 
551 
601 
651 
701 
751 
801 
851 
901 
951 
1001 
1051 
1101 
1151 
1201 
1251 
1301 
1351 
1401 
CGTGCCTAAC 
ATAGCTTAGC 
TGGGGGATAG 
TTGCATGATT 
ACATTAGCTA 
CGGTCTGAGA 
CCTACGGGAG 
GCAGCAACGC 
AGCAGGGAAG 
GTGCCAGCAG 
TGGGCGTAAA 
AGGCTTAACC 
AGGTAAGTGG 
AACACCAGTG 
GAGAGCATGG 
AACGATGGGT 
ACGCAATAAG 
AGGAATTGAC 
AGCAACGCGA 
AATGAGGGAA 
CAGCTCGTGT 
TGTTGTTAAT 
GGTTAACTAG 
GTTTAGGGCT 
AGTGATAGTG 
TGAAACTCGC 
GTCGCGGTGA 
GAGAGTTGGC 
GTCTAAGGTG 
ACATGCAAGT 
AGCGAACGGG 
CCCGATGAAA 
ATGTAGTGAA 
GTAGGTGAGG 
GGATGAACGG 
GCAGCAGTGG 
CGCGTGAGTG 
AGGAAGGACG 
CCGCGGTAAT 
GGATGCGTAG 
TGTAGAAAGC 
AATTCCTAGT 
GCGAAGGCGA 
GGAGCAAACA 
ACTAGGTGTG 
TACCCCGCCT 
GGGGACCCGC 
AGAACCTTAC 
GCTCGCAAGA 
CGTGAGATGT 
TGCTAACAGG 
GAGGAAGGTG 
ACACACGTGC 
AGCAAAACTT 
CTGTATGAAG 
ATACGTTCCC 
AACACCCGAA 
GGGTCAGTGA 
TGAAGCGGAG 
TGAGTAACAC 
GTTGGATTAA 
AGATTTATTG 
TAAAGGCTTA 
CCACAATGGA 
GGAATATTGC 
AAGAAGGTTT 
GTACCTGCAG 
ACGTAGGTGG 
GCGGTTAAAC 
ATATAAAACT 
GTAGCGGTGA 
CTTACTGGAC 
GGATTAGATA 
GGTTGTGAAT 
GAGGAGTACG 
ACAAGCAGCG 
CTAAACTTGA 
GCAAGGATAC 
TGGGTTAAGT 
TTAAGCTGAG 
GGGATGACGT 
TACAATGGTG 
ATAAAACTCA 
ATGGAGTTGC 
GGGTCTTGTA 
ACCTGTGGGC 
TTGGGGTG 
ATATATGGAG 
GTAGATAATC 
TACCGCATAT 
GTATAGGAGG 
CCTAGGCGAC 
ACTGAGACAC 
ACAATGGGGG 
TCGGATTGTA 
AGGAAGCCAC 
CAAGCGTTGT 
AAGTTATATG 
GTTTAACTAG 
AATGCGTAGA 
TGTAACTGAC 
CCCTGGTAGT 
AACAATTCGT 
ATCGCAAGAT 
GAGCATGTGG 
CATACCTTGA 
AGGTGGTGCA 
CCCGCAACGA 
CACCTTAGCG 
CAAATCATCA 
AGAACAGAGA 
TCTCAGTTCG 
TAGTAATCGC 
CACACCGCCC 
TAACCATATA 
CTTGCTTTAT 
TATCCTATAC 
AGCTATATAG 
AGTCTGCGGC 
GATGTGTAGC 
CGTCCATACT 
AAACCCTGAT 
AAGCTCTGTT 
GGCTAACTAC 
TCGGAATAAC 
TTAAATATAT 
AGTGCAGGAG 
GATTAGGAAG 
GCTGAGGCAT 
CCATGCTGTA 
GCCGTCGCAA 
TAAAACTCAA 
TTTAATTCGA 
ATTACCTTGT 
TGGTTGTCGT 
GCGCAACCCT 
AGACAGCCTA 
TGCCCCTTAC 
GAAGCAAGCT 
GATTGCAGGC 
GAATCAGAAT 
GTCACACCAT 
GGANGCAGCN 
Table 4.1. Partial sequence of 16S rRNA from segmented filamentous bacteria, 
corresponding to E. coli positions 43-1491. 
Phylogenetic analysis of the retrieved sequence. 
The sequence of the 16S rRNA gene of SFB was aligned to other sequences available from 
the databases. Fig. 4.1 shows a phylogenetic tree based on maximum likelihood analysis for 
selected species including:,C. cadaveris, limosum, histolyticum, subterminale, botulinum, 
kluyveri, cochlearium, malenominatum, ljungdahlii, tyrobutyricum, scatologenes, 
pasteurianum, oceanicum, sporogenes, novyi, fallax, perfringens, paraperfringens, carnis, 
tetanomorphum, estertheticum, baratii, acetobutylicum, aurantibutyricum and beijerinki. 
SFB keeps the deepest branch within this group, that is described as Group I (Johnson and 
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С. tyrobutyricum c.pasteurianum 
C.fallax \. C.cochlearium 
C. paraperfringens
 4 ^ ] / / SFB 
C.perfringens \\^--— 
\ _ C. barkeri 
£ ^ ~ " С aminovalericum 
y' ^^"v. C. thermoaceticum 
yS \ Ζλ nigrificans 
' B. subtilis 
E. coli 
Figure 4.1. Phylogenetic tree from 16S rRNA sequence divergence of segmented filamentous 
bacteria (SFB) and most related Clostridium, Desulfotomaculum and Bacillus species with 
E. coli as an outgroup. Only positions were used that have identical composition in at least 
50% of the sequences of Gram-positive bacteria with a low G+C content. The bar 
represents 10% estimated sequence divergence. 
Francis, 1975; Cato and Stackebrandt, 1989). This group is separated from the other 
Clostridium groups represented by C. aminovalericum (Group Ш), С barkeri (Group IV), 
C. thermoaceticum (Group V), from the genus Desulfotomaculum and from all other Gram-
positive bacteria with a low G+C content. SFB are not related to the giant uncultured 
symbiont of the surgeon fish, Epulopiscium fishelsonii, which is deeply rooting group III 
represented by C. aminovalericum (Angert et al., 1993). 
Probe design and southern blotting. 
Specific oligonucleotide probes were designed, based on alignment of the 16S rRNA 
sequence of SFB with the most related species. These probe sequences, SFB182 (5'-
CACTACATAATCATGCAACTATATAGCTA-3'), SFB 1008 (5'-GCGAGC-
TTCCCTCATTACAAGG-3'), and SFB1432 (5'-ATGGTTAGCCCACAGGTTTC-3') were 
aligned with sequences available from public databases. SFB 182 is complementary to part 
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В 
Figure 4.2. Aliquots of the amplified products of 10 different PCR reactions were analyzed 
on a 1.2% agarose gel (A). Six reactions contained the DNA extracts from Clostridium 
species: C. beijerinckii ATCC 25752 (1), C. tyrobutyricum ATCC 25755 (2), C. acetobu-
tyricum ATCC 824 (3), C. sporogenes ATCC 3584 (4), С bifermetans ATCC 638 (5) and 
C. butyricum ATCC 19398 (6). The other four contained: no DNA (7), DNA extracted from 
the intestinal contents of a germ-free mouse (8), a mouse mono-associated with SFB (9) and 
a mouse containing an SPF microflora (10). The DNA was transferred to a nylon 
membrane, and the southern blots were incubated with the probes Eub338 (B) and SFB1008 
(C). Probes SFB182 and SFB1432 gave identical results as probe SFB1008 (data not 
shown). 
of the hypervariable V2 region (nomenclature of Neefs et al., 1991), SFB 1008 is 
complementary to part of the V6 region and SFB 1432 is complementary to part of the V9 
region. The probes were labeled and used for southern analysis. Blots were wash at 33°C 
for Eub338, 37°C for SFB1008 and SFB1432 and at 40°C for SFB182. Southern blotting 
with these probes showed that all three probes only hybridized with the PCR products 
containing the SFB sequence, including the PCR product from the intestinal contents of a 
mouse containing an SPF microflora (Fig. 4.2). No signal from the eubacterial probe 
Eub338 could be detected in both the negative control and in the germfree mouse 
extract.The SFB probes did not hybridize with any of the PCR products obtained from the 
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Figure 4.3. In situ hybridization with oligonucleotide probe SFB1008, 3' labeled with 
rhodamine. Phase contrast (left) and epifluorescence (right) of the identical field are shown. 
The photograph shows contents from the ileum of mono-associated mouse. The bar 
represents 5 μ/η. 
Figure 4.4. In situ hybridization with oligonucleotide probe SFB 1008, 3' labeled with 
rhodamine. Phase contrast (left) and epifluorescence (right) of the identical field are shown. 
The photograph shows contents from the ileum of a mouse with a normal microflora. Only 
SFB are stained with the probe. Other bacteria and smaller unexpanded segments of SFB 
gave no signal with this probe. The bar represents 5 μ/η. 
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Figure 4.5. In situ hybridization with Eub338, 5'-labeled with rhodamine. Phase contrast 
(left) and epifiuorescence (right) photographs of the identical field are shown. All bacteria 
are stained with this universal bacterial probe. The bar represents 25 μτη. 
Clostridium species, nor with any material from the negative control and the germ-free 
mouse. 
In situ hybridization. 
For in situ hybridization experiments, the oligonucleotide probes were 3'-labeled with 
rhodamine (Eurogentec, Seraing, Belgium). All probes hybridized specifically with the 
nucleic acids of SFB from mono-associated mice (Fig. 4.3). The probes SFB 182 and 
SFB 1432 gave identical results (not shown). This confirms the source of the retrieved 
sequence. Fig. 4.4 shows an in situ hybridization experiment in which bacteria from the 
ileum of an SPF mouse are stained with the probe SFB1008. Only SFB are stained, which 
confirms the specificity of the probe. In this figure, a short region of narrow unexpanded 
cells present in some of the SFB filaments (Chase and Erlandsen, 1976) can be seen. In 
these segments less signal was obtained, suggesting that these segments contain less rRNA 
targets. In a control experiment, all cells could be stained with the universal bacterial probe 
Eub338 (Fig. 4.5). 
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Discussion 
The phylogenetic tree (Fig. 4.1) clearly shows that SFB share a common root with a group 
of Clostridium species. It would be too preliminary to classify SFB in the genus 
Clostridium. There are only a few criteria for placing a species in the genus Clostridium. 
These criteria are: i) the species must be able to form endospores, ii) it must be obligatory 
anaerobic, iii) it must be unable to carry out dissimilatory reduction of sulphate, and iv) cell 
walls must be of the Gram-positive type (Hippe et al., 1992). Until now, it was known that 
SFB are able to form endospores, and that their cell walls were indeed Gram-positive. 
However, it has never been shown that SFB rely on an anaerobic energy metabolism. 
Neither has it been shown that SFB are unable to carry out a dissimilatory reduction of 
sulphate. More data about SFB physiology, and about total DNA homologies with 
Clostridium species are necessary to see whether SFB form a new genus, or that they can be 
placed in the genus Clostridium as it is presently defined. Based on 16S rRNA data, the 
genus Clostridium is phylogenetically very heterogenous (Cato and Stackebrandt, 1989). A 
classification of SFB has to await the reclassification of the species of the present genus 
Clostridium according to their genealogical relationships. 
The long branch associated with SFB in Fig. 4.1 indicates more rapidly evolving rRNA 
genes of these organisms. Similar examples are known for members of the mycoplasmas 
(Weisburg et al., 1989) and Leuconostoc oenos (Yang and Woese, 1989; Martinez-Murcia 
and Collins, 1990). Ribosomal RNAs of more rapidly evolving organisms show a greater 
than normal tendency to vary the compositions of positions that are generally highly 
conserved (Yang and Woese, 1989). The comparison of SFB and L. oenos 16S rRNA 
sequences derived from all accessible homologous sequences from Gram-positive bacteria 
with a low G+C content except SFB, L. oenos and the mycoplasmas revealed 31 and 41 
changes at conserved positions for SFB and L. oenos respectively. Removing these residues 
which might be responsible for a deeper branching of the SFB line did not significantly alter 
the topology of the phylogenetic tree. 
Since SFB are host specific, the relationship between SFB in mice and other SFB remains 
unknown. Allen (1992) has described small morphological differences between SFB in mice 
and SFB in chicken. Both host specificity and morphological differences, suggest that SFB 
in different hosts are different species. In order to classify the taxonomie status of this group 
of bacteria, SFB from more different hosts should be isolated and phylogenetically 
characterized. The SFB specific probes and the sequence analysis presented in this paper, 
might facilitate screening PCR products from various other sources of SFB, including 
intestinal samples from non-gnotobiotic animals. 
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CHAPTERS 
Comparison of 16S rRNA sequences of segmented filamentous bacteria isolated from 
mice, rats and chickens and proposal of "Candidatos Arthromitus". 
Segmented filamentous bacteria (SFB) are nonpathogenic bacteria that are commonly found 
attached to the intestinal walls of many animals. Until now, these bacteria have not be 
cultured in vitro. Recently, a 16S rRNA sequence analysis revealed that SFB isolated from 
mice represent a distinct subline within the Clostridium subphylum of the gram-positive 
bacteria. Since SFB isolated from mice, rats and chickens are known to be host specific, we 
investigated the phylogenetic relationships among SFB obtained from these three hosts. 
Total ON As from the intestinal floras of chickens and rats were used as templates for PCR 
amplification of 16S rRNA genes. PCR products were cloned and screened by a dot blot 
procedure to identify homologous sequences that cross-reacted with mouse SFB-specific 
oligonucleotide probes. A phylogenetic analysis of these 16S ribosomal DNA sequences 
revealed that SFB isolated from these three hosts form a natural group which is peripherally 
related to the genus Clostridium sensu stricto (group I Clostridium,). The SFB obtained from 
chickens, rats, and mice had closely related, albeit different 16S rRNA sequences. The 
observed levels of 16S rRNA sequence divergence, ca. 1.5 to 3%, together with host 
specificity, suggest that SFB isolated from mice, rats and chickens represent different 
species and that coevolution of the SFB and their hosts occured. "Candidatus Arthromitus " 
is proposed as the provisional generic name for this group of organisms. 
Introduction 
The small intestines of many animals (e.g., mice, rats, pigs, and other mammals, as well as 
chickens, amphibians, and insects) are inhabited by segmented filamentous bacteria (SFB), 
which are also referred to as long segmented filamentous organisms (reviewed by Klaasen et 
al., 1992). These bacteria cannot be cultured in vitro, and do not have official taxonomie 
names. Until recently, SFB could be recognized only on the basis of their morphology and 
their ecological niche. In intestines, these Gram-positive, endospore-forming organisms are 
attached via holdfasts to the epithelial walls. In rodents, colonization of SFB is restricted to 
the ileum (Chase and Erlandsen, 1976). In birds, SFB are also found in the caeca (Glick et 
al., 1978). No pathologic effects of SFB have been found, even in immunodeficient animals. 
SFB found in different animal species look morphologically very similar. However, 
attempts to transfer bacteria from one host species to another have revealed that SFB found 
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in mice, rats, and chickens exhibit host specificity (Koopman et al., 1984; Tannock et al., 
1984; Allen, 1992). It is not known if SFB that inhabit different hosts are taxonomically 
closely related or whether they belong to different species. 
In a recent study, the 16S rRNA-encoding gene sequence of SFB obtained from mice was 
determined (Snel et al., 1994). This study was greatly facilitated by the use of a 
monoculture of these organisms in formerly germfree mice (Klaasen et al, 1991). A 
comparative 16S rRNA analysis revealed that there is a phylogenetic relationship between 
the SFB found in mice and the genus Clostridium. Furthermore, mouse SFB-specific 
oligonucleotide probes were developed on the basis of 16S rRNA sequence data to facilitate 
the detection of SFB in mixed populations. The purpose of this study was to use these 
specific probes to select for 16S rRNA gene sequences of SFB found in other animal 
species. Analysis of such sequences should reveal information about the relationship among 
SFB found in different hosts. Since SFB cannot be cultured in vitro, and no pure cultures in 
other germ-free animals other than mice exist, sequences were obtained from mixed 
bacterial populations. To do this, DNA from intestinal bacteria was isolated and used as a 
template for PCR amplification with universal 16S rRNA primers. Then cloned 16S 
ribosomal DNA (rDNA) was dot blotted and probed SFB-specific oligonucleotides 
developed previously. The sequences of positive clones were determined and used in a 
phylogenetic analysis. 
Materials and Methods 
Animals. A Cpb:WU rat was derived from a home-bred colony, maintained under specified-
pathogen-free conditions until the rats were used. These rats received RMH-TM pellets 
(Hope Farms) and tapwater ad libitum. The chickens which we used were 10 day-old Sex 
Sals (White Rock χ Rhode Island Red) chickens; they were given unsterilized Broiler Starter 
Feed (Southern States, Inc.) and tap water ad libitum. 
Extraction of nucleic acids. The end of the small intestine of each chicken and rat was 
removed. The intestinal walls were flushed with a saline solution to remove most of the 
unattached bacteria. A smear was Gram-stained and microscopically examined for the 
presence of SFB. Approximately 150 μΐ of intestinal contents was diluted with a saline 
solution so that the final volume was 500 μί. Then 5 μί of Proteinase К solution (20 mg/ml) 
and 25 μί of a 10% SDS solution were added. The resulting mixture was incubated at 55 °C 
for 1 h. The solutions prepared in this way were extracted with phenol/chloroform (1:1) 
several times. Nucleic acids were precipitated by adding 0.1 vol. 3M sodium acetate and 1 
vol. isopropanol. After incubation for lh at -20°C and centrifugation at 5000 g for 10 
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minutes, the resulting pellet was washed with 70% ethanol and dissolved in 100 μΐ of TE-
buffer. 
Oligonucleotides and polymerase chain reaction. Conserved 16S rRNA-targeted 
oligonucleotides were used as primers for PCR. The sense primer 27f (5'-
CACGGATCCAGAGTTTGAT(C/T)(A/C)TGGCTCAG-3') is homologous to E. coli 16S 
rRNA positions 8-27 (Brosius et al., 1978), and contains an internal BamHl site. The 
antisense primer 1492r (5'-GTGAAGCTTACGG(C/T)TACCTTGTTACGACTT-3') is 
complementary to E. coli 16S rRNA position 1492-1513 (Lane, 1991) and contains an inter­
nal HinOlll site. A standard PCR was performed in a 100 μΐ (total volume) reaction mixture 
containing 50 mM KCl, 20 mM Tris/HCl pH 8.4, 5 mM MgQ, 200 μΜ of each dNTP, 
0.2 μΐ Taq polymerase (5U/^1; Gibco-BRL), 10 pmol of each primer and 1 μ\ diluted 
nucleic acid preparation. A total of 35 rounds of temperature cycling (93 °C for 1 min, 54°C 
for 2 min and 72°C for 3 min) in a DNA thermal cycler (Perkin Elmer, Norwalk, Conn.) 
were followed by 7 minute incubation at 72°C. An aliquot of each PCR product was dot 
blotted with a mouse-SFB specific oligonucleotide probe, SFB1008 (5-GCGAGC-
TTCCCTCATTACAAGG-3') (Snel et al., 1994) and a universal eubacterial probe EUB338 
(Amann et al., 1990), by using standard methods (Sambrook et al., 1990.) 
Blotting. DNA samples were spotted on a nylon membrane (Hybond N+; Amersham 
International) by using a standard procedure and were covalently bound to the membrane by 
UV irradiation. The membrane was placed in prehybridization buffer (0.5M Ν%ΗΡ04 
[pH7.2], 1% Bovine serum Albumin, 1 mM EDTA, 7% SDS). The probes were 5'-labelled 
with [γ-32Ρ]ΑΤΡ by a standard procedure (Sambrook et al., 1989). Hybridization was 
performed in pre-/hybridization buffer to which labelled probe was added, and then the 
mixture was incubated at 37 °C for 16 h. The blots were washed twice (30 min each) at a 
fixed stringency in 2x SSC, 0.1% SDS wash solution. The wash temperatures and the 
stringency of the wash solution were determined empirically. Blots were analyzed with a 
phosphor imager (B&L Systems, Zoetermeer, The Netherlands). 
Cloning and sequencing. The amplification products obtained from two PCR per host 
species were digested with restriction enzymes ВатШ and ЯшОІІІ and cloned in M13mpl8 
by using standard methods (Sambrook et al., 1990). Vector DNA was isolated from 
recombinant clones and screened by a dot blot procedure by using the probes SFB 1008 and 
EUB338. Cloned amplification products that reacted positive with probe SFB1008 were 
selected for sequencing. When M13mpl8 was used, the sequencing reactions were 
performed with a single stranded DNA sequencing kit (PRISM Sequenase Terminator, 
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Perkin Elmer) as recommended by the manufacturer. Sequences were determined using a 
373A automatic sequencer (Applied Biosystems). 
Analysis of sequence data. The sequences which we determined and the sequences of 
clostridial species obtained from the EMBL Data Library were aligned by using the 
program PILE UP (Devereux et al., 1984), and the alignment was corrected manually. A 
distance matrix was produced by using the program DNADIST of the PHYLIP package 
(Felsenstein, 1989), and a tree was constructed by the neighbouring-joining method with the 
program NEIGHBOR of the same package. The stability of the groups was assesed by 
performing a bootstrap analysis with the programs SEQBOOT, DNADIST, NEIGHBOR, 
and CONSENSE (Felsenstein, 1989). 
Nucleotide sequence accession numbers. The 16S rRNA gene sequences which we 
determined have been deposited in the EMBL Data Library under accession numbers 
X80834 (SFB from chickens) and X87244 (SFB from rats). The 16S rRNA nucleotide 
sequence accession number for the SFB obtained from mice is X77814. 
Results 
Isolation of bacteria, cloning of PCR products and selection of the clones. 
The intestinal samples were flushed with a saline solution. Since SFB were attached to the 
epithelial cells, most of the non-adhering bacteria were washed off, thereby making SFB the 
most dominant organisms in each sample. Cloning of the PCR products revealed that there 
were several clones, and a high percentage reacted with the SFB-specific probe, SFB1008. 6 
of 12 and 8 of 19 the clones selected from chickens and rats, respectively, hybridized with 
the SFB-specific probe. 
Sequencing and phylogenetic analysis. 
Four chicken and two rat SFB rDNA insertions were characterized by performing a 
sequence analysis. A single SFB rDNA from chickens was completely sequenced, and the 
sequence consisted of approximately 1,440 nucleotides (representing approximately 94% of 
the complete 16S rRNA primary sequence). The identities of the other host-specific SFB 
rDNA insertions were confirmed by partial sequencing (approximately positions 50 to 500; 
16S rRNA E. coli numbering) in which three diagnostic variable regions (regions VI to V3) 
were included. Not a single base difference was observed in the chicken rDNA insertions. 
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Figure 5.1. Unrooted tree showing the phylogenetic position of the SFB within the 
Clostridium subphylum of the gram-positive bacteria. Abbreviation: C, Clostridium. 
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The two rat SFB sequences were both completely sequenced and were found to be identical. 
Our SFB 16S rRNA sequences were compared with previously published sequences of 
mouse and clostridial species. Figure 5.1 is a phylogenetic tree that was constructed from a 
matrix of derived evolutionary distances and shows the relationships of the three SFB which 
we studied and related Clostridia. 
Discussion 
The 16S rRNA gene sequences of chicken and rat SFB were found to be very similar to 
each other and to the sequence of a previously described mouse SFB (Snel et al., 1994). A 
comparative sequence analysis revealed that the SFB obtained from the three different hosts 
form a natural group (level of intragroup 16S rRNA sequence similarity, >97%; bootstrap 
value, 100) within the Clostridium subphylum. Phylogenetically, the SFB which we studied 
form a distinct line that branches proximal to the periphery of a large cluster designated 
Clostridium sensu stricto (formerly group I Clostridium of Johnson and Francis (Collins et 
al., 1994). The bootstrap data indicated that the SFB exhibit no significant affinity with any 
other species or group and belong to a long isolated lineage which exhibits a level of 
intragroup divergence of <3% and is worthy of separate generic status. 
It is evident from the comparative sequence analysis results that SFB obtained from 
chickens, rats, and mice represent a group containing highly related, albeit genetically 
different, organisms. Previous reports from independent research groups have shown that 
the SFB from these three host species exhibit host specificity (Allen, 1992; Koopman et al., 
1984; Tannock et al., 1984), which indicates that these organisms belong to different 
species. In this context it is pertinent to note that mouse and rat SFB are more closely 
related to each other (level of relatedness, 98.7%) than to chicken SFB (97.2 to 97.7%). 
Although a precise correlation between levels of 16S rRNA sequence relatedness and 
species differentiation is not possible (Fox et al., 1992; Stackebrandt and Goebel, 1994), the 
level of sequence divergence exhibited by the SFB obtained from these different hosts is 
greater than the level of sequence divergence generally exhibited by strains of a species and 
in our opinion indicates that these organisms belong to different, albeit closely related, 
species. SFB have been found in about 20 vertebrate animals, including humans, and several 
invertebrate species (Klaasen et al., 1992, 1993). The presence of SFB with characteristic 
rRNA sequences in chickens, mice and rats indicates that there has been coevolution of the 
SFB and their hosts, but comparison of sequences of SFB from a greater number of animals 
will be required to confirm this. In addition, more sequences need to be obtained from SFB 
found in other hosts, including invertebrates, to confirm this hypothesis. 
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The phylogenetic analysis described above supplemented the previous analysis of Snel et al. 
(1994), and our results clearly demonstrated that SFB obtained from chickens, mice and rats 
belong to a distinct lineage within the Clostridium subphylum at the rank of genus. Since 
these bacteria cannot be cultured in vitro, this genus can now be described mainly on the 
basis of its phylogeny and morphology. Therefore, we propose that this group of organisms 
should be given the provisional status Candidatus (Murray and Stackebrandt, 1995). We 
propose the genus name Arthromitus (Ar.thro'mitus. Gr. n. arihron, a joint; Gr.masc. n. 
mitos; a thread; N.L. mase. η. Arthromitus, a jointed thread) for this group of organisms; 
this name was originally coined by Leidy (1849, 1881) for spore-forming, filamentous 
organisms found in the intestines of myriapods and termites. Later, SFB obtained from 
rodents and fowl were thought to be related to these bacteria (Chase et al., 1976; Margulis 
et al., 1990). "Candidatus Arthromitus" contains gram-positive, endospore-forming bacteria 
which grow as septate filaments. One end of each filament is attached to the intestinal wall. 
"Candidatus Arthromitus" represents a new subline within the Clostridium subphylum. The 
members of this group can be divided into different species on the basis of host specificity 
and 16S rRNA sequences. Therefore, in addition to the Candidatus genus name, we propose 
that the host-specific SFB obtained from chickens, mice, and rats should be designated 
"Candidatus Arthromitus galli" (gal'li), "Candidatus Arthromitus muris" (mu'ris), and 
"Candidatus Arthromitus ratti" (rat'ti), respectively. These Candidatus species can be 
recognized on the basis of their 16S rRNA sequences and the host species in which they are 
found. 
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CHAPTER б 
Interactions between gut-associated lymphoid tissue and colonization levels of 
indigenous, segmented filamentous bacteria in the small intestine of mice 
Unlike most other indigenous bacteria, segmented, filamentous bacteria (SFB) are potent 
activators of the mucosal immune system. SFB are strongly anchored to the epithelial cells 
of the small intestine where they have a preference for mucosal lymphoid epithelium. Since 
SFB are only present in high numbers shortly after weaning, it was investigated whether an 
SFB induced immune reaction results in removal of these bacteria from the small intestine. 
A correlation was found between age and colonization levels in the small intestine of SFB 
mono-associated Swiss mice. Twelve week old athymic Balb/c (nu/пи) mice showed higher 
colonization levels than their heterozygous littermates, but the opposite was found at the age 
of 5 wk. Nevertheless, inoculation of germfree Swiss mice resulted in higher colonization 
levels in 5 wk old mice when compared to 20 wk old mice. We conclude that SFB 
colonization levels in the small intestine are influenced by the activity of the mucosal 
immune system. However, other factors like an age dependent presence of an unknown SFB 
receptor might influence colonization levels as well. 
Introduction 
Unlike the systemic immune system, gut associated lymphoid tissue (GALT) has to 
discriminate between antigens from commensal enteric bacteria, and antigens from 
pathogenic bacteria that need to be eradicated from the gastro-intestinal tract. It has been 
suggested that this leads to a state of low or unresponsiveness to many indigenous bacteria, 
while a much stronger response is elicited to non-indigenous bacteria (Foo and Lee, 1972; 
Berg and Savage, 1975). 
An exception to these observations is provided by indigenous, segmented, filamentous 
bacteria (SFB). SFB have been found to stimulate the development of Ig A secreting cells 
and subsequent production of Ig A in the small intestine of mice (Klaasen et al., 1993a). 
Furthermore, they induce shifts in the composition of intestinal intraepithelial lymphocytes. 
This results in an increased number of cells with a CD8otß+, T-cell receptor-ocß+ or Thy-1+ 
phenotype and a higher cytotoxic activity of these cells (Umesaki et al., 1995). 
SFB cannot be cultured in vitro and therefore lack an official name as yet. SFB are Gram-
positive, sporeforming bacteria. They are not pathogenic, not even in mono-associated 
animals. Ribosomal RNA analysis revealed a relationship of these bacteria with the genus 
Clostridium (Snel et al., 1994). SFB are found in many vertebrate animals, and are host-
specific (Koopman et al., 1984; Tannock, 1984). Comparison of SFB from different host 
species indicated that they form a cluster of closely related species (Snel et al., 1995). SFB 
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have a complex life cycle where, during reproduction, two infectious holdfast particles are 
formed within a bacterial mother cell (Chase and Erlandsen, 1976). Live holdfast particles 
can directly be released. Since the filaments with the mother cells are attached to the 
epithelium themselves, new holdfast particles may immediately attach to epithelial cells and 
form new filaments. Alternatively, these cells can grow out to spores which enable survival 
outside the host. 
A preference of SFB for mucosal lymphoid epithelium has been described. In rodents 
(Abrams, 1977) and horses (Lowden and Heath, 1995), SFB are strongly anchored to the 
epithelial cells of Peyer's patches as well as to the small intestinal epithelium. In domestic 
fowl, SFB attached to villi of the caecal tonsil (a lymphoid aggregation in the caecal 
mucosa) have been observed (Glick et al., 1978), while in dogs SFB were found associated 
with the tonsillar mucosa (Klaasen et al., 1993b). Adhesion leads to an active cellular 
response of the epithelial cell resulting in accumulation of actin at the attachment sites 
(Jepson et al., 1993). Although SFB can adhere to mouse M-cells, they are mostly found on 
other epithelial cell types of Peyer's patches (Jepson et al, 1993). Preference for lymphoid 
follicle-associated epithelium might be related to either the absence of mucin producing 
goblet cells at these sites (Owen and Nemanic, 1978) or to the secretion of growth 
promoting substances. An enhancing effect of interleukin-1 on growth of some Escherichia 
coli strains has previously been described (Porat et al., 1991). 
In rodents, SFB normally expand in the small intestine around the time of weaning to 
become a dominant gut microbe. Then their number gradually declines within a few weeks 
(Klaasen et al., 1990b). Since SFB are found to evoke a strong reaction of the mucosal 
immune system, we hypothesized that this could explain the effect of age on the colonization 
levels of SFB. 
Immunodeficient mice can be used to study the influence of immunity on colonization 
levels. Indeed, in a scanning electron microscopic study, Owen and Nemanic (1979) 
described higher numbers of SFB in athymic nude mice when compared to their normal 
heterozygous littermates. In contrast, Davis and Balish (1979) found lower numbers of SFB 
in similarly athymic animals. In this study we investigated colonization levels of SFB in 
immunodeficient mice of different ages. Previously, germfree mice have been mono-
associated with SFB (Klaasen et al., 1991). This enabled us to form groups of gnotobiotic 
mice with or without SFB. In the experiments to be reported, SFB-free gnotobiotic and 
germfree mice were experimentally infected with SFB in order to follow colonization levels. 
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Methods 
Animals. Balb/c mice were bred in our laboratory under specified pathogen free conditions 
and received a standard pelleted diet MRH (Hope Farms, The Netherlands). Balb/c nude 
mice nu/пи and +/nu were bred in stainless steel isolators and were given irradiated SRM-
A pellets (Hope Farms, The Netherlands). Germfree and gnotobiotic Swiss (Cpb:SE) mice 
were bred in plastic film isolators and received an autoclaved SRM-A diet. Germfree mice 
have previously been mono-associated with SFB (Klaasen et al., 1991). Four groups of 
gnotobiotic mice were formed: germfree mice, SFB mono-associated mice, mice with an 
SFB free microbiota and mice with a similar microbiota to which SFB had been added. 
Unless stated, offspring of these mice was used for experiments. 
Scanning electron microscopy. Samples of the gut wall were taken from SFB mono-
associated mice to examine the ability of SFB to attach to the epithelial cells. Pieces of the 
ileum, caecum and colon were rinsed in 0.9% sodium chloride and fixed in 2% 
glutaraldehyde in 0.1M phosphate buffer for 1-2 h. After two rinses with 0.1M phosphate 
buffer, the specimens were post-fixed in 1% Os04 in 0.1M phosphate buffer and rinsed 
again for two times. Thereafter, they were dehydrated in a graded series of acetones and 
critical-point dried. After coating with a gold layer in a Polaron E5100 sputter coater, the 
preparations were studied in a Jeol JSM 6310 scanning electron microscope. 
Quantification of SFB in the small intestine and caecum. SFB cannot be enumerated by plate 
counting since no in vitro cultivation method exists. Therefore, SFB were quantified in the 
small intestine by a method described by Klaasen et al. (1990a). In brief, from five pieces, 
equally chosen from the middle to the end of the small intestine, Gram stained smears were 
prepared. In each of these five sections, 20 randomly chosen fields with a magnitude of 
lOOOx were studied for the presence of SFB. The colonization density per animal was 
expressed as the total number of SFB positive fields in five slides, and could vary from 0 
(no SFB detected) to 100 (all fields had SFB). In the caecal contents of mono-associated 
mice, the number of SFB filaments was determined from serial dilutions. SFB were 
expressed as the number of filaments per gram caecal contents. Differences in SFB 
colonization were evaluated by analysis of variance (ANOVA). A priori defined contrasts 
between two experimental groups were evaluated with Student's t test. 
In order to monitor the density of SFB colonization at different ages, SFB-scores in mono-
associated mice were determined. In addition, counts were performed of SFB in caecal 
contents. Mice of 1, 1.5, 2 and 3 months of age were investigated, since the highest 
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variance in colonization in conventional mice was found within this period (Klaasen et al., 
1990b). 
SFB infection in inoculated SFB-free or germfree mice. Mice that have never been exposed 
to SFB might react different to SFB-contamination than mice that have been exposed to SFB 
their entire lives. Therefore, an experiment was carried out in which mice that received SFB 
in a natural way from their parents were compared with mice that received SFB at an adult 
age by oral inoculation. 
SFB-free SPF mice were removed from the isolator and kept in sterilized macrolon cages 
provided with a filter cap, at the age of 4 weeks. At 5 weeks of age, the mice were given an 
oral dose of SFB. At days 4, 10, 14, 17 and 21 after inoculation, a total of 5-6 mice per 
group were examined for the presence of SFB in the small intestine. 
In another experimental setup, female SFB-free SPF mice of 4 weeks old and both SFB-free 
and SFB-containing SPF mice of 3.5-5 months old, were contaminated with SFB. After 12 
days, SFB-scores in the small intestine were determined in 5 animals per group. 
Enzyme linked immunosorbent spot assay (ELISPOT). Eight germfree adult mice were orally 
inoculated with SFB, and after 7, 15, 22 and 30 days two mice per time point were 
sacrificed in order to determine the number of IgA secreting cells in the lamina propria. IgA 
secreting cells were determined in four germfree and four naturally mono-associated mice as 
well. 
Intestinal cell suspensions were prepared by a method described by Van der Heijden and 
Stok (1987) with minor modifications. Briefly, the small intestine was taken out, Peyer's 
patches were removed and the remaining intestine was washed in phosphate buffered saline 
(PBS) and cut in pieces. After a 15 min incubation in PBS containing 1 raM EDTA and 1 
mM DTT, the intestinal pieces were washed once with RPMI 1640 medium containing 5% 
fetal calve serum (RPMI/FCS). Lamina propria cells were prepared by digestion with 
collagenase (Serva) and DNAse (Sigma) in RPMI/FCS for 90 min. Cells were pressed 
through a 70 μπι filter and washed once with RPMI/FCS. Proper dilutions were made in 
RPMI 1640 containing 1 % bovine serum albumin. 
For the ELISPOT assay used in this study, 96 wells plates (Costar) were coated with 100 μΐ 
PBS containing 10 μg/ml polyclonal Rabbit-anti-Mouse IgA (Nordic). Plates were incubated 
at 37°C for a 2 hours. After a blocking step with 1% bovine serum albumin in PBS, a 
volume of 100 μΐ of the cell suspensions were then placed in each well, and the plates were 
incubated overnight at 37 °C in 5% CQ, in air. Plates were washed 5 times with PBS -Ι­
Ο. 05% Tween 20. A volume of 100 μ\ alkaline phosphatase conjugated Goat-anti-Mouse 
IgA (Serotec) was added to each well, and plates were incubated for 90 min at 37°C. Plates 
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Figure 6.1: SFB attached to a Peyer's patch under mono-associated conditions. 
Figure 6.2: SFB attached to the caecal wall under mono-associated conditions. 
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Figure 6.3: SFB attached to the colon of a mono-associated mouse. 
were washed five times again and spots were developed by adding substrate solution 
containing 1 mg/ml BCIP and 0.6% agarose in AMP buffer. After incubation at room 
temperature for 1 h and overnight at 4°C, IgA-secreting cells were quantified by counting 
spots using a stereo-microscope. 
Results 
SFB in mono-associated mice: scanning electron microscopy. 
SEM-analysis showed that in mono-associated mice, SFB were attached to the ileal 
epithelium, but also to the epithelium of the caecum and colon. Figures 6.1, 6.2 and 6.3 
show SFB attached to Peyer's patches, and the caecal and colonic wall of a mono-associated 
mouse respectively. 
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Figure 6.4: SFB quantified when attached to the ileum (left scale) and in the caecal contents 
(right scale) of mono-associated mice. Means ± standard deviation are presented. 
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Figure 6.5: IgA response after mono-association with SFB of ex-germfree mice. Means ± 
standard deviation of two mice per timepoint after inoculation are presented. Four germfree 
mice and four SFB mono-associated mice were used. 
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Figure 6.6: Quantification of SFB in nude mice (nu/пи) and their heterozygous (+/nu) 
littermates at different ages. Means ± standard deviation of б mice per group are 
presented. No SFB could be detected in 12 weeks old (+/nu) mice. 
QF young GF old 
Figure 6.7: Germfree mice were orally infected with SFB. After 5 days, higher colonization 
levels of SFB were reached in young mice (4-5 weeks old) when compared to older mice (4-5 
months old). Means ± standard deviation are presented. 
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Figure 6.8: SFB colonization patterns in mice with an SFB-free microbiota and control mice 
with an SFB containing microbiota. While in ex-SFBfree mice SFB were removed within 14 
days, a much slower decline was observed in mice naturally containing SFB. Means of 5-6 
mice per measuring point are presented. 
Quantification of SFB in mono-associated mice. 
SFB were first found in the ileum of mono-associated animals that were 16-17 days old. At 
that time, SFB were found in the caecum as well as in the small intestine, as was determined 
by light microscopy. The SFB-score in the small intestine and the number of bacteria in the 
caecum of 1, 1.5, 2 and 3 months old mice were determined (Fig. 4). A decline in SFB-
score was observed in the small intestine with age. However, no significant decrease was 
found in the number of bacteria in the caecal contents. 
IgA response after mono-association of germfree mice with SFB. 
Ex-germfree mice that were mono-associated with SFB showed a strong increase of the 
number of IgA secreting cells in the lamina propria of the small intestine, as was determined 
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with an ELISPOT assay (Fig. 5). A strongly increased number of Ig A secreting cells was 
found within 21 days. At that time the number of cells remained constant at a level similar 
to that in naturally mono-associated mice. 
Quantification of SFB in athymic nude mice and heterozygous littermates. 
The SFB-score in 5, 8 and 12 weeks old athymic Balb/c nude (nu/nu) mice and their 
heterozygous (+/nu) littermates were determined (Fig. 6). SFB were found to be more 
abundantly present in 5 weeks old heterozygous normal mice than in athymic nude mice of 
the same age. Whereas in heterozygous nude mice the number of SFB declines with age, in 
athymic nude mice SFB remains more or less constant at different ages. 
Colonization levels after inoculation ofgermfree and SFB-free mice of different ages. 
Germfree 4 week old mice that were inoculated with SFB showed high levels of SFB in the 
small intestine after 5 days, whereas 4 month old ex-germfree mice had low levels of SFB 5 
days after inoculation, comparable to 4 months old mice that were naturally mono-
associated with SFB (Fig 7). 
Colonization patterns in ex-SFB-free mice. 
Contamination of 5 weeks old SFB-free SPF mice resulted in colonization with SFB within 
4 days. After 10 days, colonization levels were equal to those found in SFB containing SPF 
mice of the same age. During the experiment, the SFB score gradually declined in these 
mice whereas in the former SFB free SPF mice a sudden drop in SFB was found between 10 
and 14 days (Fig. 8). After 14 days, we were not able to detect SFB in 5 out of 6 formerly 
SFB-free animals. In mice that were naturally infected with SFB, all mice had SFB at that 
time. 
Discussion 
In this study, we confirmed the ability of SFB to colonize the small intestinal epithelium and 
the follicle-associated epithelium of Peyer's patches. Further, our monoculture of SFB was 
found to attach to caecal and colonic cells as well. This was surprising since it has 
previously been reported that SFB can only colonize the terminal end of the small intestine: 
Chase and Erlandsen (1976) found an abrupt end of SFB colonization at the ileal-caecal 
junction. Since we found that this was not valid in mono-associated animals, our results 
75 
Chapter 6 
suggest that the presence of other bacterial species competitively inhibits colonization of the 
caecum. 
In the small intestine of mono-associated mice, we found an age dependent decrease of SFB 
colonization levels similar to that previously reported in conventional mice (Klaasen et al., 
1990b). Therefore, the effect of age on colonization cannot likely be seen as part of the 
succession of species that eventually lead to a stable composition of the microbiota in adult 
mice (Schaedler et al., 1965). Despite a decline with age in the small intestine, we could not 
detect a decrease of SFB in the caecal contents of these mice. SFB scores correlated quite 
well with density of SFB as found on scanning electron microscopic pictures where only 
attached SFB can be seen (unpublished observations). Mono-associated mice were found 
that had no SFB in the ileum while in the caecum SFB were abundantly present. 
Apparently, attachment is an obligate factor for colonization of the small intestinal mucosa 
while in the caecum both free-living and attached SFB can be found. This might be related 
to differences in intestinal transit in the small intestine and caecum. 
Under mono-associated conditions, SFB infected mice can prevent or at least reduce 
attachment, but cannot eradicate SFB from the lumen. This extends a recent study where 
commensal Morganella morganii permanently colonized the gut of mono-associated mice, 
but the induced humoral immune response prevented translocation of these bacteria (Shroff 
et al., 1995). In mice where a complete microbiota was present, SFB could be reduced to 
undetectable levels. For unknown reasons, we found a more gradual decline of SFB in 
naturally colonized mice when compared to age matched inoculated mice. Since weaning 
mice receive SFB from the mother, still low levels of these bacteria are likely present in 
older mice. 
Oral inoculation of SFB in germfree mice resulted in a strong increase of IgA secreting cells 
in the small intestine. This confirms previous studies (Klaasen et al., 1993a; Umesaki et al., 
1995), where a similar stimulation of the IgA response after oral inoculation with SFB was 
found. We hypothesized that this activation of the mucosal immune system eventually 
should lead to reduction of the number of attached SFB. Therefore, SFB were quantified in 
athymic nude mice of different ages. Indeed, we found the level of contamination to be 
more constant in the small intestine of nude mice whereas in their heterozygous littermates 
the colonization level gradually declined. However, it was expected that there were no diffe-
rences in colonization levels between mice with an unstimulated immune system and 
immunodeficient littermates. Surprisingly, five weeks old normal heterozygous mice 
contained far more SFB than athymic (nu/nu) littermates. We cannot explain this finding, 
unless the immune system of 5 weeks old mice somehow promotes growth of SFB. Since 
SFB have a preference for mucosal epithelium of lymphoid tissue (Abrams, 1977; Glick et 
al., 1978; Klaasen et al., 1993b; Lowden and Heath, 1995), this cannot be excluded. Our 
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findings are in accordance with findings of Bos and Cebra (personal communication), who 
found high numbers of SFB in the small intestine of 1 yr old mono-associated SCID mice. 
Inoculation of 5 weeks old SFB-free or germfree mice did lead to higher colonization levels 
in the small intestine than inoculation of 4 months old mice. Since colonization levels were 
measured only a few days after infection, these could not likely be influenced by a specific 
reaction of the immune system directed against SFB. Although SFB are better able to 
colonize germfree mice after weaning than at an age of several months, an influence of the 
immune system cannot be excluded. Under germfree conditions, mice are still exposed to 
food antigens. These antigens modulate the immune system as was found by comparison of 
germfree mice with a normal diet and germfree mice fed an antigen minimized chemically 
defined diet (Hooper et al., 1995). Therefore, it cannot be excluded that an immune 
response is built up against food antigens that is crossreactive with SFB. This might explain 
why in 12 weeks old athymic nude mice more SFB are found than in normal littermates. It 
would be interesting to follow SFB scores in antigen-minimized germfree mice. However, 
unsuccessful attempts have been made to grow SFB in such animals (F. Lee and J.J. Cebra, 
University of Philadelphia, personal communication). 
Although in our experiments a correlation between GALT and SFB colonization levels is 
clearly demonstrated, other mechanisms might influence SFB colonization as well. For 
many bacteria, attachment to epithelial cells of the small intestine is receptor-mediated. In 
several ways, attachment of SFB resembles attachment of enteropathogenic Escherichia coli 
(EPEC). In both cases, attachment leads to accumulation of actin in the epithelial cell at the 
site of attachment (Jepson et al., 1993). Further, where we found an effect of age on 
colonization levels of SFB in the small intestine of mice, others found that rabbit EPEC 
strain RDEC-1 could specifically adhere to epithelial brush borders of rabbits around the 
time of weaning at 21 days (Cheney and Boedeker, 1984). Thereafter, receptor activity 
raised and reached adult levels when rabbits were 35 days old. These authors, however, did 
not investigate a decline of receptor activity in older rabbits. Nevertheless, a receptor 
mediated binding of SFB is likely, especially since SFB are host specific (Koopman et al., 
1984; Tannock et al., 1984). To our knowledge, SFB have not been found in rabbits 
(Klaasen et al., 1993) while there is no EPEC strain available for mice to compare adhesion 
ofEPECandSFB. 
In summary, our experiments in immunodeficient animals show that the effect of age on 
SFB colonization is influenced by the activity of the mucosal immune system. However, 
since an age effect is demonstrated in gnotobiotic animals that have not been exposed to 
SFB long enough to build up a specific immune response, other factors might influence SFB 
colonization levels as well. Cross reactivity of the immune response induced by food 
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CHAPTER 7 
The influence of indigenous segmented filamentous bacteria on small intestinal transit 
in mice. 
The indigenous microbiota of healthy animals is known to stimulate intestinal motility. Since 
the indigenous microbiota of the ileum dominant ly contains segmented filamentous bacteria 
(SFB), we tested the hypothesis that SFB are involved in increasing small intestinal transit 
(SIT). Five groups of mice were compared: germfree mice, mice mono-associated either with 
SFB or with Clostridium innocuum, SFB-free mice with a specified pathogen-free (SPF) 
microbiota and SFB-positive SPF mice. As a measure for intestinal transit, the distance 
travelled by a charcoal marker was determined 30 min after oral administration. We found 
a strong increase in SIT in both the mice mono-associated with SFB, and the SFB-positive 
SPF mice φ < 0.05), but not in SPF mice or mice mono-associated with C. innocuum when 
compared to germfree mice. SPF-mice with and without SFB were given ciprofloxacin for 
either 3 or 13d to remove SFB from the intestinal tract from the first group while the second 
group served as a control. Although SFB were successfully removed, their stimulating 
influence on SIT could not be reversed. Increased intestinal transit had a positive effect on 
the clearance of an administered non-pathogenic Escherichia coli TGI. However, no 
difference was found in the clearance of Morganella morgana, a mild pathogen that is able 
to translocate to peripheral sites. We conclude that SFB stimulate SIT which leads to an 
increased clearance of some bacterial species while others might show mechanisms to 
escape from such a clearance. 
Introduction: 
The influence of the indigenous intestinal microorganisms on gastro-intestinal motility in the 
mouse was demonstrated nearly thirty years ago (Abrams and Bishop, 1967). For this 
study, mice were fed a radio-active test meal. However, the electromechanical activity of 
the small bowel displays a fed pattern after feeding, and a fasted pattern in the interdigestive 
state. In the fasting state, a cyclic partem of motility in the small intestine, described as the 
migrating myoelectric complex, is found. Both cyclic initiation (Husebye et al., 1992) and 
aboral propagation (Husebye et al., 1994) of the migrating myoelectric complex were 
promoted by the indigenous microflora. Until now, the microbial factors responsible for this 
increase in motility have not yet been found. 
A possible candidate for the alteration in intestinal transit is a segmented filamentous 
bacterium (SFB). Since SFB cannot be cultured in vitro, little is known about these bacteria 
that inhabit the ileum of many vertebrates, including man (reviewed by Klaasen et al., 
1992). Most information is available on morphology and ecological niches of SFB (Davis 
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and Savage, 1974; Chase and Erlandsen, 1976; Blumershine and Savage, 1978). These 
studies show that SFB are indigenous, non-pathogenic bacteria that are able to colonize the 
ileum by attaching to epithelial cells of villi and Peyer's patches. More recent studies show 
that SFB stimulate IgA production (Klaasen et al., 1993), and that SFB are good candidates 
for induction of major histocompatibility complex class Π molecule expression, fucosylation 
of glycolipids or intraepithelial lymphocyte activation (Okada et al., 1994; Umesaki et al., 
1995). Based on 16S rRNA sequence information, SFB were found to form a separate 
subgroup within the Clostridium genus (Snel et al., 1995). Although SFB are present in 
many animal species, they were found to be host specific (Koopman et al., 1984; Tannock 
et al., 1984). Therefore, SFB found in rats and mice represent different species (Snel et al., 
1995). 
Since SFB are dominantly present in the small intestine, and because of the intimate 
relationship with their host, we tested the hypothesis that SFB play a role in this increase in 
the small intestinal transit (SIT) in mice. This was possible with a monoculture of these 
bacteria in ex-germfree animals (Klaasen et al, 1991a), which could be added to an SFB-
free flora. 
Materials and methods 
Experimental design. Five experimental groups of mice were compared: germfree mice, 
mice mono-associated with either SFB or Clostridium innocuum, mice with a specified 
pathogen-free (SPF) gut flora free of SFB, and SFB-positive SPF mice. The intestinal 
transit was studied in all five groups by comparing the relative distance travelled by the 
front of an orally administered charcoal containing test meal during 30 min. To find out 
whether the influence of SFB on intestinal transit could be reversed, SFB were removed 
from the intestinal tract by administration of ciprofloxacin. The physiological importance of 
a found increase in SIT was studied by oral administration of a non-pathogenic Escherichia 
coli and a mild pathogen Morganella morganii. 
Animals and bacterial association. Cpb:SE (Swiss) 5-8 weeks old mice were used. Five 
experimental groups were formed. Mice mono-associated with SFB were obtained and 
housed as described previously (Klaasen et al., 1991b). To produce mice with an SPF flora 
free of SFB, SPF mice were given 0.1 mg of ciprofloxacin orally twice a day for three 
consecutive days. Ciprofloxacin has previously shown to selectively eliminate SFB (Klaasen 
et al., 1991b). Caecal homogenates of these mice were stored at -80°C in 20% glycerol and 
7% (v/v) sheep blood until use. Part of the germfree mice and mice mono-associated with 
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Small intestinal transit. For testing the small intestinal transit (SIT), mice were given orally 
0.3 ml of an aqueous suspension of 10% (w/v) charcoal and 10% (w/v) arabic gum (Bianchi 
et al., 1983). All experiments were performed between 2 and 4 pm. After exactly 30 min, 
the animals were sacrificed by cervical dislocation and weighed. The caecum and small 
intestine were removed. Each intestine was extended with minimal stretching upon a table, 
and the distance from pylorus to caecum was measured. The transit of the test substance 
was expressed as the percent of the small intestine traversed by the front of the meal. 
Ciprofloxacin treatment. Six male mice with a SFB containing SPF microflora and SFB-free 
SPF microflora were orally given 0.1 mg ciprofloxacin (СіргохпЛ Bayer AG, Leverkusen, 
Germany) in 0.5 ml water two times a day for 3 consecutive days. After this period SIT was 
determined in all animals as previously described. In a similar setup animals received 
ciprofloxacin in their drinking water (0.08 mg/ml) for 13 consecutive days, after which SIT 
was determined. In both cases, all animals were investigated for the absence of SFB in the 
ileum by examining Gram-stained mucosal smears from the terminal ileum. 
Challenge with E.coli and M.morganii. To examine the physiological importance of an 
increased intestinal transit, the colonization of E.coli and M. morganii was determined. Six 
male mice per group were fasted overnight, and received 5xl(f colony forming units E.coli 
TGI or M. morganii in 3% NaHCQ,. E.coli TGI is a plasmid free bacterium which was a 
kind gift of Dr. A.D.L. Akkermans (Wageningen Agricultural University, The 
Netherlands). Morganella morganii is the so called Potter strain (Potter, 1971), which we 
kindly received from Dr. J.J. Cebra (Univ. of Pennsylvania, Philadelphia, USA). After 24 
hours, the mice were sacrificed by cervical dislocation, the small intestine was removed and 
divided in 9 equal parts. Twenty four hours was chosen to prevent re-ingestion of bacteria 
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by coprophagy. Parts 1 (the proximal duodenum), 3, 5, 7 and 9 (the terminal ileum), and 
the caecum were homogenized. Appropriate dilutions were made and the number of colony 
forming units per gram intestine were determined on Levine EMB agar plates. 
Statistics. Differences in intestinal transit and colonization levels of bacteria were compared 
with a Student t-test. Values of ρ <0.05 were considered as significant. 
Results 
Small intestinal transit in different floras 
Intestinal transit of the five groups was determined in 6 male and 6 female mice of each 
group. The bacterial composition of the flora of SFB-negative and SFB-positive SPF mice is 
presented in Table 7.1, and was comparable for both groups. Relative caecal weights and 
lengths of the intestines are presented in Table 7.2. No abnormal caecal weights (>2% 
body weight) were found in the groups with the SPF microflora. In mono-associated mice, 
both C.innocuum and SFB slightly reduced the relative caecal weight from 8% to 5%. The 
relative distances travelled by the charcoal marker are presented in figure 7.1. From this 
figure it can be seen that there is a significant increase (p<0.05) in SIT in SFB mono-
associated mice, but not in mice mono-associated with С innocuum when compared to 
germfree mice. Further, we observed an increase (p<0.05) in SIT in SPF/SFB mice when 
compared to either germfree or SPF mice. The SPF mice without SFB showed an increase 
in SIT. However, this increase was not significant (p=0.07). Although in all groups female 
mice were found to have a higher SIT than male, this difference was not significant. 
Ciprofloxacin treatment 
After ciprofloxacin treatment for either 3 or 13 days, no SFB could be detected anymore in 
the terminal end of the ileum. Since the SFB free SPF flora was obtained by treatment with 
ciprofloxacin, treatment of both the SPF and SPF+SFB mice should result in experimental 
groups with a similar intestinal flora. After 3 days of ciprofloxacin treatment, the difference 
in transit between both floras remained. This was not influenced by extending the total 
ciprofloxacin treatment for another 10 days to a total of 13 days. However ciprofloxacin 
itself appears to stimulate SIT in both groups. It is not clear whether this is a direct or an 
indirect effect of ciprofloxacin. The data are presented in Fig 7.2. 
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Figure 7.1. Relative distance travelled by the front of charcoal marker in mice associated 
with different intestinal bacteria or flora. Results are means ± standard deviations for 6 
mice per group. * = different (p<0.05) from germfree mice. ** -different (p < 0.05) from 
SPF+SFB mice. 
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Figure 7.2. Relative distance travelled by charcoal marker in mice treated for 0 (control), 3 
or 13 days with ciprofloxacin. Results are means ± standard deviations for 6 mice per 
group. 
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Figure 7.3. Colonization with Escherichia coli in different segments of the small intestine 
and caecum, 24 h after oral contamination with 5xl(f colony forming units per mice. 
Results are means ± standard deviations for 6 mice per group. ** = different (p<0.05) 
from germfree group. * =different from germfree group (p<0.10). 
GF 
SFB 
Clo. 
sl-S si-7 si-9 
Figure 7.4. Colonization with Morganella morganii in different segments of the small 
intestine and caecum, 24 h after oral contamination with 5xl(f colony forming units per 
mice. Results are means ± standard deviations for 6 mice per group. 
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Group of caecal Culture Media SFB-negative SFB-positive 
bacteria SPF mice SPF mice 
log l0 n/g caecum wich contents 
Total bacteria 
Total aerobes 
Streptococci 
Enterobacteriaceae 
Staphylococci 
Yeasts/moulds 
Total anaerobes 
Clostridia 
Lactobacilli 
Bacteriodaceae 
Bifidobacteria 
Microscopic count 10.9; 11.0 
Columbia Blood agar* 8.4; 7.7 
Kanamycin Aesculin Azide Agar* 8.4; 8.5 
Levine EMB agar1" 3.5; 3.7 
Mannitol Salt agar* 8.3; 6.3 
Sabouroud Dextrose agar* n.d.; n.d. 
Columbia Blood agar* 
Reinforced Clostridial agar* 
Rogosa agar' 
Bacteroides Bile Aesculin agar 
Brucella Medium base agar* 
9.4 
9.2 
9.1 
8.8 
n.d 
8.9 
8.3 
7.7 
8.7 
;n.d 
11.0 
7.0; 
8.1; 
4.5; 
5.0; 
n.d. 
9.0; 
7.2; 
6.4; 
8.2; 
n.d. 
; 11.9 
7.6 
7.7 
2.7 
7.0 
n.d. 
8.6 
7.5 
7.6 
8.0 
n.d. 
Table 7.1. Caecal microbes in SPF mice with or without SFB. 
n.d. = not detectable; a, b, с = supplied by Oxoid, Merck? orDifcoc 
Individual values are given for two mice per group 
Clearance of E. coli and M.morganii 
In order to examine the physiological significance of an increased SIT, mice were given 
orally either 5x10o E.coli TGI or 5x10s M.morganii. Growth of these strains is not inhibited 
by products formed by either SFB or С innocuum (unpublished results). After 24 h, SFB 
containing mice appeared to have a lower number of E. coli in all the different segments of 
the intestine (p<0.05 in segment 7 and ρ <0.10 in segment 5), when compared to germfree 
or С innocuum associated mice (Fig.3). No such reduction was detected for M. morganii in 
SFB-associated mice (Fig.4). 
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Group 
GFd" 
GF? 
SFBd· 
SFB? 
CLOcf 
CLO? 
SPFri· 
SPF? 
SPF/SFBri" 
SPF/SFBÎ 
relative caecal 
weight* (%) 
8.3±0.6 
7.4±0.3 
5.2±0.5 
5.3±0.8 
6.2±0.5 
5.5±0.4 
1.7±0.3 
1.8±0.2 
1.6±0.2 
1.0±0.1 
small intestine length 
length" (cm) 
43.2±4.6 
44.9±2.6 
41.9±2.2 
44.2±2.3 
44.4±2.0 
41.9±1.7 
43.2±1.0 
40.3 ±1.7 
44.4±2.2 
42.2±2.6 
Table 7.2. Parameters of the five experimental groups of 5-8 week old mice. 
'Results are presented as means ± standard deviation for 6 mice per group. 
GF= germfree; SFB= mice mono-associated with SFB; CLO= mice mono-associated with 
Clostridium; SPF= mice with a specified pathogen free flora, free of SFB; SPF/SFB= mice 
with an SPF flora containing SFB; rel.c.w. = relative caecal weight; s.i. length= length of 
the small intestine; Relative caecal weight=caecal weight/body weight χ 100 per cent. 
Discussion 
Our observations indicate that SFB give a strong stimulus to the SIT: SFB mono-associated 
mice and SFB containing SPF mice show a higher SIT then germfree mice and SFB-free 
SPF mice respectively. Compared to the influence of SFB, the influence of the SPF 
microflora is rather small. We used С innocuum as a control organism for the effects found 
in SFB mono-associated mice, since this is another Gram-positive, sporeforming bacterium 
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related to SFB. The SIT in mice mono-associated with С. innocuum does not show a high 
increase, indicating that the SFB reaction might be specific. These findings are in 
accordance to results of Roach and Tannock (1979), who could not find a significant 
increase of SIT in offspring of gnotobiotic animals and animals conventionalized with caecal 
contents. 
The influence of SFB on the SIT in SPF mice was not eliminated after 3 or 13 days 
treatment with ciprofloxacin. Since ciprofloxacin successfully removed SFB from the 
intestine within 3 days, it can be concluded that the continual presence of SFB is not a 
obligatory factor for the influence on SIT. This could explain the fact that while SFB are 
absent or at least strongly reduced in the ileum of older mice (Klaasen et al., 1990), SIT 
does not decrease in older animals (Varga, 1976). 
The results presented here suggest that SFB stimulate SIT in an irreversible way. From 1-8 
days of age, intestinal transit is relatively slow, and accelerates with increasing age (Moon 
et al., 1979). SFB appear in the ileum shortly before weaning at day 21 (Davis and Savage, 
1974). Mice were 6 to 8 weeks old when administered ciprofloxacin, at which time it was 
impossible to reverse the effect of SFB on intestinal transit. More research will be necessary 
to find out exactly when and how SFB stimulate small intestinal transit. 
Various authors suggest that SFB competitively exclude pathogens from the distal small 
intestine (Fuller and Turvey, 1971; Roach and Tannock, 1979). During our experiments 
we found a lower number of E. coli but not of M. morganii in the small intestine of formerly 
SFB mono-associated mice. The colonization levels in the caecum of E.coli and M. 
morganii in germfree and SFB mice are more or less similar. Further, SFB are restricted to 
the terminal ileum, while differences in colonization of E. coli are found in all segments of 
the small intestine. Therefore, it is not very likely that this could be explained by 
competition between SFB and these organisms. It has been shown previously in a 
mathematical model and in vitro (Fréter, 1983) that the colonization level is directly related 
to the removal of contents from the intestine. Nevertheless, this was found not to be valid 
for organisms that adhere to the mucosa. The ability of M. morganii to translocate to 
peripheral organs has been well documented (see e.g. Shroff et al., 1995). In general, 
attachment to the intestinal mucosa is the first step for translocation. We chose E. coli TGI 
as another challenge organism since this strain does not contain any plasmids. Many E. coli 
strains are unable to adhere to the intestinal wall, while in most if not all pathogenic strains 
adherence is associated with the presence of plasmids containing adherence loci (for review, 
see Donnenberg and Kaper, 1992). With this E. coli strain we were able to show differences 
in colonization levels. However, we are aware that mechanisms other than adherence might 
explain the differences in colonisation patterns between E. coli and M. morganii. The 
experiments described here were performed in mono- or di-associated animals. The 
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influence of intestinal transit on colonisation levels m animals with a more complex 
microbiota needs further investigation 
It has been hypothesized that SFB enhance host resistance by influencing gut-associated 
lymphoid tissue (Klaasen et al , 1993) Since gastrointestinal motility is considered to be a 
major defense mechanism against enteropathogenic micro-organisms at least in the small 
intestine (Abrams and Bishop, 1966), the increase in SIT might be a another way for SFB to 
enhance colonization resistance 
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CHAPTER 8 
Quantification of antigen-specific immunoglobulin A after oral booster immunization 
with ovalbumin in mice mono-associated with segmented filamentous bacteria or 
Clostridium innocuum. 
Segmented filamentous bacteria (SFB) are known to stimulate the mucosal immune system. 
Here, the effect of SFB on oral booster immunization with ovalbumin was investigated. Mice 
mono-associated with SFB or Clostridium innocuum were sensitized by intraperitoneal 
administration of 100 μg ovalbumin with Freunds complete adjuvant. After 4 weeks, mice 
received orally 80 mg ovalbumin. A maximum IgA response was found 5 days after this 
booster immunization. Comparison of mice with SFB and mice with C. innocuum revealed a 
much higher level of IgA in the gut lumen and more IgA secreting cells in the lamina 
propria of the SFB-associated mice. However, no differences between both groups of 
animals were found in specific levels of IgA secreting cells or luminal IgA against 
ovalbumin. It is concluded that there is no enhancing effect of SFB after booster 
immunization when mice are primed intraperitoneally with ovalbumin. 
Introduction 
The small intestine of many animal species is inhabited by segmented filamentous bacteria 
(SFB). These bacteria are Gram-positive sporeformers that cannot be cultured in vitro 
(reviewed by Klaasen et al., 1992). Recently, it was found that SFB are most related to 
Clostridium species (Snel et al., 1995). Whereas most indigenous bacteria, including 
culturable Clostridium species do not influence characteristics of intestinal cells (Okada et 
al., 1994), SFB are known to stimulate the mucosal immune system (Klaasen et al., 1993; 
Umesaki et al., 1995). Colonization of SFB results in an elevated level of "background" 
IgA in the gut contents, and an increased number of IgA secreting cells in the lamina 
propria. 
Because of the immune stimulating effects of SFB, it is suggested that these bacteria 
increase colonization resistance against intestinal pathogens (Glick et al., 1978; Klaasen et 
al., 1993). Since many pathogens enter the body via the intestinal route, immunity at the 
mucosal site provides important protection against infectious diseases. The most effective 
way to induce long time mucosal protection against a certain pathogen is formed by 
infection with a non-pathogenic mutant, but this option may not always be feasible. On the 
other hand, ingestion of a non-replicating antigen, such as ovalbumin, often results in oral 
tolerance instead of a mucosal immune response against this antigen (Strobel and Ferguson, 
1984). Parenteral administration of an antigen prior to oral administration prevents 
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development of oral tolerance. Oral booster immunization then results in a successful 
mucosal IgA response (Bianchi et al., 1991). This response is stimulated by cholera toxin, 
which is a potent stimulator of the mucosal immune system itself (Bianchi et al., 1991). 
Since SFB are known to stimulate the mucosal immune system, we hypothesized that these 
organisms might enhance an enteric IgA response against a non-replicating antigen like 
ovalbumin. Therefore, we compared the effects of colonization with SFB and another 
anaerobic, non-pathogenic sporeformer, Clostridium innocuum, on induction of a mucosal 
IgA response against ovalbumin in mono-associated mice. 
Materials and Methods 
Animals and bacteria. Cpb:SE (Swiss) 5-8 weeks old male mice were used. Germfree mice 
and mice mono-associated with SFB were obtained and housed as described previously 
(Klaasen et al., 1991). С. innocuum was isolated from the caecal contents of mice bearing 
an anaerobic microflora of human origin (Heidt et al., 1983), which has been propagated in 
mice for over 20 years, and orally administered to germfree mice (Snel et al., 1996). The 
optimum response against ovalbumin was determined in mice with a complete microflora 
including SFB (Snel et al., 1996). For experiments, offspring of these different groups of 
mice were used. 
Immunization of the mice. The immune system of the mice was primed by intraperitoneal 
administration of 100 μg ovalbumin (Grade V; Sigma) in saline, mixed 1:1 with Freund's 
complete adjuvant. After 4 weeks, mice were transferred from the isolator to sterile filter 
top cages that were placed in a laminar-flow hood. After this, mice received an orogastric 
booster immunization with 0.5 ml of 160 mg/ml ovalbumin in 0.2 M NaHCQ. For 
determining the time after which the highest antibody response was found, mice containing 
a microflora including SFB received an oral booster immunization with ovalbumin at 0, 2, 
3, 4, 5, 6, 8, or 10 days before they were sacrificed. In order to determine IgA levels in 
SFB and C. innocuum mono-associated mice, two separate experiments were performed in 
which 8 mice per group were used. Four mice were used to determine the number of IgA-
secreting cells, while from the other four intestinal secretions were collected for 
determining antibody titers. Intestinal secretions were stored at -20°C until analysis. 
Enzyme linked immunosorbent assay (ELISA). Intestinal secretions were collected as 
previously described (Van der Heijden et al., 1991). Anti-ovalbumin IgA antibody levels 
were determined by ELISA. Flat-bottomed polyvinyl chloride microtiter plates were coated 
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with 10 μg ovalbumin/ml in PBS (100 μΐ/well) or 10 μg/ml polyclonal rabbit-anti-mouse-
IgA antibodies (Nordic). Plates were incubated overnight at room temperature. Free sites 
were blocked with 1% BSA in PBS for 1 h at 37 °C. Plates were washed with PBS 
containing 0.05% Tween-20. Next, 100 μΐ of diluted intestinal scrapings or sera were added 
and incubated at 37°C. To determine the total IgA concentration, a standard of purified 
monoclonal mouse IgA-kappa antibodies TEPC-15 (Sigma) was used. After washing plates 
again, sheep-anti-mouse IgA conjugated with horse radish peroxidase (Serotec), was added. 
Plates were incubated again for 1 h. In the last step, after washing again, 100 μΐ of 3,3'-
5,5'-tetramethylbenzidine substrate was added to each well. The enzymatic reaction was 
stopped by adding 50 μΐ of 4N H,S04. Absorbance was read at 450 nm (Titertek Multiskan 
ELISA reader, Flow Laboratories). Anti-ovalbumin titers were arbitrarily expressed as the 
last dilution higher than background absorbance + 0.050. Total IgA levels were calculated 
from absorbance readings of the standard IgA. 
ELISA spot assay. Intestinal cell suspensions were prepared by a method described by Van 
der Heijden and Stok (1987) with minor modifications. Briefly, the small intestine was 
taken out, Peyer's patches were removed and the remaining intestine was cut open 
longitudinally, washed in phosphate buffered saline (PBS) and cut in pieces. After a 15 min 
incubation in PBS containing 1 mM EDTA and 1 mM DTT, the intestinal pieces were 
washed once with RPMI 1640 medium containing 5% fetal calve serum (RPMI/FCS). 
Lamina propria cells were prepared by digestion with collagenase (Serva) and DNAse 
(Sigma) in RPMI/FCS for 90 min. Cells were pressed through a 70 μηι nylon filter and 
washed once with RPMI/FCS. Proper dilutions were made in RPMI 1640 containing 1% 
bovine serum albumin. 
For the ELISPOT assay used in this study, 96 wells plates (Costar) were coated with 100 μΐ 
PBS containing 10 μg/ml polyclonal Rabbit-anti-Mouse IgA (Nordic, Tilburg, NL) or 10 
μg/ml Ovalbumin grade V (Sigma). Plates were incubated at 37°C for 2 hours. After a 
blocking step with 1% bovine serum albumin in PBS, a volume of 100 μΐ of the cell 
suspensions were then placed in each well, and the plates were incubated overnight at 37 °C 
in 5% C0 2 in air. Plates were washed 5 times with PBS + 0.05% Tween 20. A volume of 
100 μΐ alkaline phosphatase conjugated Goat-anti-Mouse IgA (Serotec) was added to each 
well, and plates were incubated for 90 min at 37°C. Plates were washed again five times 
and spots were developed by adding substrate solution containing 1 mg/ml BCIP and 0.6% 
agarose in AMP buffer. After incubation at room temperature for 1 h and overnight at 4°C, 
IgA-secreting cells were quantified by counting spots using a stereo-microscope. 
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Results and Discussion 
Comparison of the three used groups of mice revealed that total IgA secreting cells in the 
small intestines of С innocuum mono-associated mice were 3.7 times higher when 
compared to germfree mice, whereas in SFB mono-associated mice these were 35.4 times 
higher (Fig. 8.1). Since both mono-associated groups of animals were naturally infected by 
the mother, these antibody levels could be considered as "background" IgA. Our findings 
confirm previous reported observations that SFB, but not culturable Clostridium species, 
induce highly increased levels of background IgA in the small intestine of mice (Okada et 
al., 1994, Klaasen et al., 1993 and Umesaki et al., 1995). 
An optimal response against ovalbumin was found five days after booster immunization 
(Fig. 8.2). An equal time period after booster immunization has been described previously 
in conventional mice, as was examined by immunohistochemical methods (Bianchi et al., 
1991). 
Comparison of С. innocuum and SFB mono-associated mice revealed slightly lower, 
although not significantly different (Student f-test, ρ < 0.05) anti-ovalbumin IgA titers in the 
intestinal secretions of the SFB mono-associated mice when examined five days after oral 
booster immunization (Fig 8.3). The total IgA concentration was much higher in SFB 
mono-associated mice. Comparable to the results of the ELISA, no significant differences 
were found in the number of anti-ovalbumin IgA secreting cells of the lamina propria, 
whereas a much higher number of total IgA secreting cells was found in SFB mono-
associated mice (Fig 8.4). Like in animals that were not treated with ovalbumin (Fig. 8.1), 
the higher levels of total-IgA secreting cells in SFB mono-associated mice were expected, 
since SFB are known to stimulate IgA production (Klaasen et al., 1993; Umesaki et al., 
1995). 
Previously, IgG secreting cells in the spleens of mice that had received an intraperitoneal 
booster immunization with 2,4-dinitrophenyl-keyhole limpet haemocyanin (DNP-KLH) have 
been determined (Bos and Ploplis, 1994). It was found that approximately 60% of the IgG 
secreting cells in the spleens of germfree mice were DNP specific, compared to 10% in 
conventional mice. In our experiments, the percentage of cells in the small intestine that 
secreted IgA antibodies specific for ovalbumin was 6.8% in С innocuum mono-associated 
mice, and 0.4% in SFB mono-associated mice. Although there are many differences with 
regard to the experimental setup between both studies, the lower percentages of specific 
IgA-secreting cells might reflect the more abundant presence of antigens from food and 
bacteria in the intestinal lumen. 
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Figure 8.1. Total number ofIgA secreting cells in the lamina propria of untreated germfree 
mice (n=2) or mice mono-associated with С innocuum (n=4) or SFB (η=2) as determined 
in an ELISA spot assay. 
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Figure 8.2. Total number of IgA secreting cells and ovalbumin-specific IgA secreting cells in 
the lamina propria of mice harbouring a microflora containing SFB. IgA secreting cells 
were determined in an ELISA spot assay at different days after oral booster immunization 
with ovalbumin. Values represent number of cells found in one mouse per time point. 
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Figure 8.3. Anti-ovalbumin-IgA titers and total IgA concentration in intestinal secretions of 
mice mono-associated with C. innocuum or SFB (n=4/group) at five days after oral booster 
immunization. Results are presented as means ± standard deviation. 
s г 
^ 
.-->./ 
anti-OVA 
total 
C. innocuum SFB 
intestinal bacteria 
Figure 8.4. Total and ovalbumin-specific IgA secreting cells in mice mono-associated with 
C. innocuum or SFB (n=8/'group) at five days after oral booster immunization. Results are 
presented as means ± standard deviation for 8 mice per group. 
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An enhancing effect on development of anti-ovalbumin antibodies has previously been 
observed for cholera toxin (Bianchi et al., 1991). However, it should be realized that 
cholera toxin was added simultaneously with ovalbumin, whereas in this study the mucosal 
immune reaction against SFB has been developed before treatment with ovalbumin. Since 
SFB are indigenous to the normal intestinal microbiota, conventional mice are all colonized 
with these bacteria. From the viewpoint that we study the contribution of SFB as part of the 
normal microbiota, an experiment in which ovalbumin and SFB are added simultaneously is 
less realistic. From our results, it can be concluded that despite the immune stimulating 
properties of SFB, no enhancing effect was found in an experimental setup as we described 
here. 
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General discussion: Contribution of segmented, filamentous bacteria to host resistance 
against intestinal pathogens. 
Segmented filamentous bacteria are part of the normal microbiota of many animals. In 
rodents, these bacteria are present in large numbers shortly after weaning. Around that 
time, many physiological and immunological changes take place in the small intestine that 
are found to be induced by the intestinal microbiota. Some of these events are unique for 
SFB. In this review we summarize these changes and evidence is presented that SFB 
significantly contribute to the hosts natural resistance against intestinal pathogens. 
The intestinal tract contains several hundreds of bacterial species that together form a stable 
ecosystem, defined as the indigenous microflora or microbiota (Dubos et al., 1965; Moore 
and Holdeman, 1974). Segmented Filamentous Bacteria (SFB) are part of the indigenous 
microbiota. Despite worldwide attempts, SFB cannot be cultured in vitro. These bacteria are 
recognized by their morphology, long Gram-positive filaments, and their habitat: in rodents, 
SFB are strongly anchored to the small intestinal epithelium. It was found that these bacteria 
(or morphologically similar species) inhabit the gastrointestinal tract of a wide range of 
vertebrate animals, including man (Klaasen et al., 1993a). For a long time, the phylogenetic 
position of SFB was unclear. Recently, by analysis of the 16S ribosomal RNA gene, we 
described that SFB are closely related to bacteria of the genus Clostridium, although within 
this genus, they were found to form a separate lineage (Snel et al., 1994). Previously, it was 
shown that SFB are host specific (Koopman et al., 1984; Tannock et al., 1984; Allen, 1992) 
Comparison of these bacteria in three different animal species revealed that they form a 
group of closely related, although different species (Snel et al., 1995). 
Because of the intimate relationship of SFB with the host, several authors have speculated 
that they might increase host resistance against intestinal pathogens (Glick et al., 1978; 
Porvaznik et al., 1979; Käufer et al., 1982; Roach and Tannock, 1979). This might be 
caused either by microecological mechanisms in the intestinal microbiota, or by SFB-
induced physiological or immunological changes in the host. Immunological changes would 
not be surprising since SFB are able to colonize the epithelium overlying Peyer's patches, 
the inductive sites of the mucosal immune system. However, lack of an in vitro cultivation 
system made it difficult to test any influences of SFB on host resistance. Our group 
succeeded in obtaining a monoculture of SFB in ex-germfree mice (Klaasen et al., 1991). 
Thereafter, in the past few years, accumulating evidence has been found indicating that SFB 
stimulate host defense systems. Here, we review this evidence and hypothesize that the 
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symbiotic relationship of SFB and the host significantly contributes to the natural 
development of the host defense system. 
competition 
The intestinal ecosystem forms an important factor in reducing colonization of newly 
ingested species. This phenomenon, known as colonization resistance, is dependent on the 
dose of infection and the stability and composition of the intestinal ecosystem (Van der 
Waaij et al., 1971). The indigenous bacterial species compete for nutrients and adhesion 
sites. In young animals, SFB were found to reach enormous high colonization levels, 
whereas in older animals their number gradually declines (Klaasen et al., 1990). Figure 
9.1A shows SFB in the caecum of a 6 wk old chicken. The villus to which these bacteria are 
attached cannot be seen because of the presence of high numbers of SFB. This effect is even 
increased by the presence of unknown epibiotic species that were found to subcolonize SFB 
(Käufer and Sobiraj, 1982; Koopman et al., 1987), as can be seen on figure 9.1A. In 
chickens both the proximal end of the caeca and the terminal end of the small intestine can 
be colonized with SFB. Colonization density might not be the same at different sites of the 
gut: figure 9. IB shows SFB attached to the terminal end of the small intestine in the same 
chicken as shown in figure 9.1 A. 
Epithelial cells respond to SFB attachment by accumulation of actin, which might stabilize 
anchoring of these bacteria (Jepson et al., 1993). This layer of bacteria that colonizes the 
mucosal surface can competitively inhibit growth of gastrointestinal pathogens. In rats, a 
correlation between surface colonization by S. enteritidis and the absence of SFB has been 
described (Garland et al., 1982). The effect of SFB on translocation of Salmonella 
enteritidis and Enterobacter cloacae has been studied in gnotobiotic mice shortly after 
weaning (Klaasen et al., 1992). Four groups of mice were compared: germfree mice, mice 
mono-associated with SFB, mice with an SFB free microbiota, and mice with SFB 
containing microbiota. These mice had very low numbers of Ig A secreting cells in their 
small intestines, suggesting that the animals were too young to have a normally developed 
immune system. It was found that in these mice SFB could not significantly reduce 
translocation of S. enteritidis or E. cloacae. Since it is not possible to determine 
colonization of SFB in the small intestine in a non-invasive way, it is not known how high 
SFB colonization was in these mice. Nevertheless, the physical presence of SFB alone is 
apparently not enough to reduce translocation to extraintestinal sites. This could be 
explained by the observation that in rodents SFB can only colonize the terminal part of the 
small intestine, and therefore a possible SFB-induced reduction of translocation might be 
found only locally. 
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Figure 9.1. (A) Segmented filamentous bacteria attached to a villus in the caecum of a 6wk 
old chicken. Some filaments are subcolonized by Gram-positive rods. The thick layer of 
microbes might prevent attachment of newly ingested pathogens to the epithelial wall. (B) 
Segmented filamentous bacteria attached to the small intestine of the same chicken as in (A). 
A much lower density of bacteria is found at this part of the gastro-intestinal tract. 
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Influences of bacteria on their host are generally studied by comparison of germfree animals 
and animals inhabited by these bacteria. Such a comparison of germfree and conventional 
mice revealed that the indigenous microbiota strongly stimulate gastrointestinal motility 
(Abrams and Bishop, 1967). During the fasting state, a cyclic pattern of myoelectric activity 
is described, which is thought to serve as a general "housekeeper" that prevents bacterial 
overgrowth (Caenepeel et al., 1989). We have recently shown that SFB are potent activators 
of intestinal transit in the small intestine (Snel et al., 1996). This was found to be uniquely 
caused by SFB since an SFB-free microbiota did not alter intestinal transit. Increased 
intestinal transit reduced colonization levels of some bacterial species. Although many 
pathogenic bacteria can attach to the epithelium, and therefore might escape from clearance 
by intestinal motility, this could be a method to reduce colonization levels of some 
pathogens in the lumen of the intestine. 
epithelial cells 
The epithelial cells of the murine small intestine is rich in glycolipids that can be used by 
Gram-negative bacteria such as Enterobacieriaceae for adherence (Oro et al., 1990). One 
such a glycolipid, asialo GM1, is fucosylated around the time of weaning what was found to 
be specifically induced by SFB (Umesaki and Ohara, 1989; Umesaki et al., 1995). Umesaki 
(1989) demonstrated that fucosylation decreases the affinity of bacteria for this molecule, 
and therefore might contribute to host defense. Furthermore, microbial colonization induces 
expression of MHC class II molecules on the intestinal mucosa (Matsumoto et al., 1992; 
Sanderson et al., 1992, 1993). The function of MHC class II molecules on epithelial cells is 
unclear. Although there is in vitro evidence that enterocytes serve as the presenter of 
luminal antigens to neighbouring Τ cells (Bland et al., 1986; Hoyne et al., 1993), this is not 
confirmed in vivo yet. It is not known if enterocytes expressing MHC II are better able to 
present new antigens than enterocytes without MHC II. 
It was found that the ratio of columnar cells to Goblet cells increases after colonization of 
germfree mice with intestinal microbiota, whereas cell proliferation in the villus crypt was 
stimulated (Abrams et al., 1963). Later, such an effect was observed after colonization of 
germfree mice with SFB (Umesaki et al., 1995). Increased proliferation and turnover of 
epithelial cells might serve as a host mechanism for clearance of adhering bacteria when the 
epithelial cells to which they adhere are shed. 
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intraepithelial lymphocytes 
Intraepithelial lymphocytes (IEL) are thought to play an important role in the first line of 
immunological defense because these cells are found above the basal lamina, in between the 
enterocytes. This cell population consists of a mixture of lymphocytes with a broad range of 
cell phenotypes and functions. An important function of IEL is natural killer cell activity, 
which can lyse infected cells without T-cell receptor (TCR) mediated antigen recognition 
(Tagliabue et al., 1982). Also specific cytotoxic activity has been described. In mice, most 
IEL are CD8+. In germfree mice, a relative high percentage of these cells have a γδ-TCR. 
Microbial colonization leads to proliferation of IEL and an increase in the number of cells 
with an ccß-TCR, which was correlated with an increased cytolytic activity of the IEL 
(Umesaki et al., 1993). It was found that the cells responsible for these shifts were 
unculturable, chloroform-resistant bacteria, but not the culturable fraction of the faecal 
microbiota (Okada et al., 1994). Recently, it was found that these bacteria were most likely 
SFB (Umesaki et al., 1995). Intestinal IEL with a γδ-TCR can produce interferon-γ (IFN-
γ) in vitro, what could lead to proliferation of aß-TCR bearing IEL (Taguchi et al., 1991). 
Further, it is known that MHC Π is upregulated by IFN-γ (Wong et al., 1984). Since both 
processes occur after colonization of SFB, this bacterium might lead to interferon-secretion. 
Indeed, IFN-γ secreting IEL are likely increased in vivo after colonization with SFB (F. Lee 
and J.J. Cebra, personal communication). It is known that after infection, NK cells are 
responsible for secretion of IFN-γ. IFN-γ is also known to stimulate macrophages to kill 
obligate as well as facultative intracellular bacteria such as Listeria monocytogenes 
(Buchmeier and Schreiber, 1985) and Salmonella typhimurium (Muotiala and Mäkelä, 
1990). It would be interesting to study IFN-γ levels and natural killer cell activity after 
contamination with such pathogens in the presence and absence of SFB. 
immunoglobulin A 
After weaning, the number of Ig A secreting cells in the lamina propria of the small intestine 
strongly increases (Moreau et al., 1982; Van der Heijden et al., 1989). Around that time 
SFB start colonizing the small intestine. It was found that these bacteria are potent activators 
of the IgA response in the small intestine (Klaasen et al., 1993b). Although the specificity 
of the IgA is unknown, it is likely directed against epitopes of SFB itself. However, this 
IgA might crossreact with other Gram-positive bacteria, such as Listeria monocytogenes, 
and therefore might influence colonization of these bacteria. It is thought that endogenous 
coating of bacterial cells in the gut lumen could block adhesion of these bacteria and 
subsequently prevent translocation (Williams and Gibbons, 1972). Another, recently found 
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function of IgA is neutralization of intracellular particles inside epithelial cells (Mazanec, 
1992). Since SFB induce a strong IgA response in the small intestine, we were interested in 
measuring antibody titers against a newly administered antigen. However, in an experiment 
in which mice were primed by intraperitoneal administration of ovalbumin, followed by an 
oral booster immunization, no differences were found in anti-ovalbumin IgA titers in SFB-
free and SFB containing mice (Snel et al., 1997). 
challenge with Salmonella typhimurium 
In order to see a contribution of SFB to host resistance, we have orally challenged germfree 
mice, and mice with either SFB or Clostridium innocuum with 10? cells of a virulent 
Salmonella typhimurium strain. Although all mice eventually died from this pathogen, mice 
with SFB were much more resistant when compared to germfree mice or mice colonized 
with С innocuum. This was best shown by comparing survival times: SFB colonized mice 
lived 2 to 3 days longer than the other mice which all died within 3-4 days after infection 
(Fig 9.2). Although translocation rates to the mesenteric lymph nodes were higher at day 2, 
translocation to the liver was reduced in SFB colonized mice when compared with germfree 
mice (Fig 9.3). This is in accordance with a previous comparison of translocation in 
germfree and specified pathogen free animals (Gautreaux et al., 1994), and suggests a more 
rapid transit through the mesenteric lymph node of germfree mice. However, we also found 
reduced translocation to the liver of С innocuum mono-associated mice what does not fit 
with survival data. In order to elucidate the exact relationship between translocation and 
survival time, more time points should be studied. Based on survival time only, the immune 
system of the SFB colonized mice was apparently better able to resist S. typhimurium both 
after an oral and an intraperitoneal challenge. Additionally, the indigenous microbiota play 
an important part in reducing pathogens in the intestinal lumen (Van der Waaij et al., 1971; 
Shedlofsky and Fréter, 1974). 
discussion 
Here, several mechanisms are presented that illustrate how SFB can contribute to enhanced 
resistance against enteropathogenic bacteria in mice. In neonatal mice, the maternal 
antibodies in the milk protect these animal from disease by enteropathogens. SFB start 
colonizing the intestinal tract immediately after weaning when the protective effect of the 
milk stops. During this period, the immune system is still immature, and a high level of 
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Figure 9.2. Survival of Cpb.SE germfree mice and mice mono-associated with either SFB or 
Clostridium innocuum after a challenge with 1<? colony forming units of Salmonella 
typhimurium. In (A) and (C), mice were 6-8 weeks old, whereas in (B) mice were 3 weeks 
old. In (A) and (B) mice were orally challenged, and in (C) the mice were intraperitonealley 
challenged with S. typhimurium. 
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spleen min liver caecum 
Figure 9.3. Translocation to peripheral organs after 48 h in germfree mice and mice 
colonized with either SFB or Clostridium innocuum. * different from germfree with 
Student's t-test (p<0.05). 
SFB colonization might enhance resistance by competition. In these young animals, it is 
suggested that SFB colonization is even stimulated by the (immature) gut associated 
lymphoid tissue (Snel et al., manuscript in preparation), whereas the accumulation of actin 
in the epithelial cell might stabilize SFB attachment (Jepson et al., 1993). Colonization of 
SFB might therefore take over some of the protective functions of IgA in the milk. 
Thereafter, SFB induce physiological and immunological changes in the gastrointestinal 
tract which results in a stimulated defense system of the host. It is strongly suggested that 
these changes also influence SFB colonization itself (Snel et al., manuscript in preparation). 
Since several of the characteristics are uniquely induced by SFB, we hypothesize that SFB 
colonization is an important factor in gut physiology and immunology. Since SFB in 
different animals represent different bacterial species (Snel et al., 1995), it is suggested that, 
from an evolutionary point, the symbiotic relationship between these bacteria and their host 
is very old. It is shown that these bacteria are found in a broad range of vertebrate species 
(Klaasen et al., 1993a). Although this has not been studied in detail, it has been proposed 
that SFB have co-evolved with their host (Snel et al., 1995; Umesaki et al., 1995). In mice, 
where SFB are best studied, colonization always occurs immediately after weaning. Despite 
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the fact that the mucosal immune system is well able to eradicate bacteria from the intestinal 
tract, the symbiotic relationship between SFB and the host has not been interrupted during 
evolution. 
conclusion 
Since SFB have shown to increase host resistance against enteropathogenic bacteria like 
Salmonella species, at least under mono-associated conditions, the host seems to benefit 
from colonization of these bacteria. When SFB first appear in the gastrointestinal tract, 
immediately after weaning, the high colonization levels of SFB seem to be important, 
whereas later in life the influences of SFB on the host are beneficial. Several effects of SFB, 
such as stimulation of the immune system and gastrointestinal motility are not shown by 
other indigenous, non-pathogenic species. Therefore, it is suggested that SFB form an 
integral part in the development and functioning of the host defense system. 
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Symbiosis between the mouse and segmented filamentous bacteria 
The intestinal tract of men and animals is inhabited by billions of bacteria. These bacteria, 
together termed as miroflora or microbiota, are beneficial for the host in which they are 
found. An important function of the microbiota is reducing the number of pathogens in the 
gut. Indigenous bacteria occupy ecological niches that could otherwise be used by 
pathogens. Furthermore, the microbiota stimulate the host immune system, what results in 
improved host defense against pathogens. Another function of the microbiota is to maintain 
a good level of peristalsis. If food is not transported fast enough through the intestinal tract, 
overgrowth of pathogens can cause illness. 
One of the estimated 400 to 500 bacterial species that inhabit the gastrointestinal tract is a 
segmented filamentous bacterium (SFB). Under conventional conditions, this species can 
only colonize the terminal end of the small intestine. On scanning electron microscopic 
images, it can be seen that SFB are built up of segments that together form long filaments. 
This explains the (temporary) name segmented filamentous bacterium. Until now, it is not 
possible to cultivate SFB outside the intestinal tract, and therefore this species does not have 
an official name yet. 
In this thesis, the relationship of SFB with other bacteria are reported. For that, the DNA 
sequence of a gene involved in the translation of proteins has been determined: the 16S 
ribosomal RNA gene (Chapter 4). This gene can be found in all bacterial species and there 
is enough sequence divergence to enable comparison of this sequence from different 
bacteria. During this analysis, it was found that SFB are related to Clostridium species. 
Furthermore, this analysis revealed a method to detect SFB in a mixture of bacterial 
species. This method was used to compare SFB isolated from a few animal species (mouse, 
rat and chicken). Earlier research had reveiled that SFB from each of these animals cannot 
colonize other animal species. Comparison of the 16S ribosomal RNA genes of SFB from 
these animals has demonstrated that they form a group of closely related, although different 
species (Chapter 5). 
Since SFB are non-pathogenic, but strongly anchored to the intestine, it has properties that 
are not known from any other bacterial species. Therefore, interactions between SFB and 
the host were studied in more detail. Since most information about this bacterium is known 
from the mouse, SFB was studied in these animals. This was possible by using SFB in (ex-) 
germfree mice. These mice, that were now mono-associated formed the basis for the present 
research. 
119 
. Summary 
SFB are well able to colonize the small intestine for only a short period of time. Before 
weaning, SFB cannot colonize the intestinal tract. After the mice start eating solid food, the 
first SFB appear in the gut. However, within a few weeks, SFB cannot be detected in the 
gut anymore. Previous research has revealed that SFB were strong activators of the hosts 
immune system. Therefore, it was investigated if the age-related decline in colonization 
levels were the result of these immune stimulating properties (Chapter 6). The experiments 
described here show that this was only partly true: although there is a good correlation 
between colonization levels of SFB and the activity of the immune system, there were 
indications that age itself also influenced the number of SFB found in the gut. 
Further research was done to investigate the effect of SFB on the host. In germfree mice, 
peristalsis is reduced, but in the experiments described here it is shown that SFB can 
promote peristalsis (Chapter 7). Higher intestinal motility might increase clearance of 
pathogens from the intestinal tract. To test this, mice were fed Gram-negative bacteria. 
After 24h, the number of bacteria that were left in the small intestine were determined. 
There was only a minimal effect of SFB: clearance of an ingested species that attached to 
the intestinal wall was not increased whereas clearance of another species that was unable to 
do so was only lower in some parts of the small intestine. 
Previous research has revealed that SFB stimulate the production of immunoglobulin A 
antibodies (IgA) in the small intestine. In the experiments described here, it was 
investigated if mice immunized with ovalbumin were better able to produce IgA antibodies 
against this antigen if they were colonized with SFB (Chapter 8). This could not be 
demonstrated: the amount of newly formed IgA antibodies and the number of IgA secreting 
cells after oral booster immunization was similar in SFB mono-associated mice and mice 
mono-associated with Clostridium innocuum, a bacterium related to SFB. 
The immunological and physiological stimulating abilities of SFB suggest a contribution of 
this bacterium in host resistance against intestinal pathogens. This is discussed in chapter 9. 
In addition, in a last series of experiments, mice were challenged with Salmonella 
typhimurium. In these experiments, it was shown that mice mono-associated with SFB were 
better able to resist such an infection: these mice had a prolonged survival time when 
compared with germfree mice or mice mono-associated with С innocuum. 
In conclusion, it is stated that SFB are related to Clostridia and that they largely influence 
functioning of the host: they stimulate intestinal motility and the mucosal immune system. 
This leads to better resistence against intestinal pathogens such as Salmonella. 
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Symbiose tussen gesegmenteerde filamenteuze bacteriën en de muis. 
In de darmen van mens en dier leven miljarden bacteriën. Deze bacteriën, die samen de 
darmflora vormen, zijn erg gunstig voor de persoon of dier (de "gastheer") waarin zij leven. 
Een belangrijke functie is dat zij het ziekteverwekkers, zoals Salmonella's, moeilijker 
maken om de darm te koloniseren: de plaatsen die ziekteverwekkers in kunnen nemen, zijn 
voor een groot deel al bezet door bacteriën van de darmflora. Ook stimuleert de darmflora 
het afweersysteem zodat ook de gastheer zelf de ziekteverwekkers beter kan bestrijden. 
Verder verbetert de darmflora de peristaltiek. Als het voedsel niet snel genoeg door het 
darmkanaal wordt getransporteerd en uitgescheiden, kunnen ziekteverwekkers zich 
makkelijker vermenigvuldigen en tot ziekte leiden. 
Eén van de naar schatting 400 tot 500 bacteriesoorten die de darm koloniseren, is een 
gesegmenteerde filamenteuze bacterie (SFB). Deze soort groeit onder normale 
omstandigheden alleen in het laatste stuk van de dunne darm. Op foto's gemaakt met een 
scanning elektronenmicroscoop is te zien dat SFB's er uit ziet als lange draden die aan één 
kant vast zitten aan de darmwand. Zo'η draad is opgebouwd uit een heleboel segmentjes, en 
vandaar de voorlopige naam gesegmenteerde filamenteuze (draadvormige) bacterie. Het is 
tot nu toe nog niet gelukt om SFB's buiten de darm te laten groeien, en daarom heeft deze 
bacterie nog geen officiële naam. 
Dit proefschrift beschrijft onderzoek om wat meer te weten te komen over de verwantschap 
van SFB's met andere bacteriën. Daarom is de DNA structuur bepaald van een gen wat 
vaak voor dit soort doeleinden gebruikt wordt: het 16S ribosomaal RNA gen (Hoofdstuk 4). 
Dit gen komt in alle bacteriesoorten voor, en de DNA-volgorde is voldoende verschillend 
om er bacteriesoorten mee te kunnen vergelijken. Uit de analyse kwam naar voren dat 
SFB's het meest verwant zijn aan bacteriën van de Clostridium groep. Deze analyse leverde 
bovendien een methode op om SFB's specifiek in een mengsel van verschillende 
bacteriesoorten te kunnen aantonen. Deze methode is gebruikt om SFB's in verschillende 
diersoorten (muis, rat en kip) te kunnen vergelijken (Hoofdstuk 5). Uit eerder onderzoek 
was al gebleken dat SFB's uit deze dieren niet in andere diersoorten kunnen groeien. Uit de 
vergelijking van de 16S ribosomaal RNA genen van SFB's uit deze verschillende dieren 
bleek dat SFB's een groep van nauw verwante, maar toch verschillende bacteriesoorten 
vormen. 
Omdat SFB's aan de darmcellen verankerd zitten, maar niet tot ziekte leiden, hebben ze 
eigenschappen die van geen enkele andere bacterie bekend zijn. Daarom is de relatie van de 
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SFB en de gastheer beter bestudeerd. De meeste informatie over deze bacterie is afkomstig 
van experimenten met muizen, en daarom zijn we SFB's in deze diersoort gaan bestuderen. 
Dit is gedaan door de SFB in muizen te laten groeien die verder helemaal geen bacteriën 
hadden, zgn. kiemvrije muizen. Deze muizen, die nu dus één bacteriesoort in hun darm 
hadden, vormden de basis voor het hier uitgevoerde onderzoek. 
In het leven van een muis komen SFB's maar gedurende een korte periode voor. Tijdens de 
zoogperiode kunnen SFB's nog niet de darm koloniseren, maar zodra jonge muizen op vast 
voedsel overgaan, beginnen er SFB's in de dunne darm te verschijnen. Na enkele dagen is 
de dunne darm volgegroeid met deze bacteriën. Binnen enkele weken zijn deze bacteriën 
echter bijna helemaal verdwenen. Omdat uit eerder onderzoek al bekend was dat SFB's het 
afweersysteem stimuleren, werd onderzocht of dit er voor verantwoordelijk is dat ook 
SFB's zelf niet meer kunnen groeien (Hoofdstuk 6). Uit de proeven kwam dat dit maar ten 
dele waar is: inderdaad was er een sterke correlatie tussen de activiteit van het 
afweersysteem en de hoeveelheid SFB's in de darm, maar ook waren er aanwijzingen dat de 
leeftijd van de muis op zichzelf bepaalde hoeveel SFB's er in de darm gevonden werden. 
Verdere proeven waren er op gericht om het effect van SFB's op de muis te bestuderen. In 
kiemvrije muizen is de peristaltiek van de dunne darm veel lager dan in muizen met een 
normale darmflora. Uit de hier beschreven experimenten bleek dat SFB's hiervoor 
verantwoordelijk zijn (Hoofdstuk 7). Een verhoogde peristaltiek zou kunnen leiden tot het 
versneld elimineren van ziekteverwekkende bacteriën uit het maagdarmkanaal. Om dit te 
testen, kregen muizen oraal bacteriën toegediend en werd na 24 uur gekeken hoeveel 
bacteriën in de dunne darm terug te vinden waren. Het effect van SFB was slechts 
minimaal: op toegediende bacteriesoorten die zich aan de darmwand konden vasthechten, 
hadden SFB's geen effect. Voor bacteriesoorten die zich waarschijnlijk niet kunnen 
vasthechten kon dit effect alleen in bepaalde stukken van de dunne darm worden 
aangetoond. 
Uit eerder onderzoek was naar voren gekomen dat SFB's de produktie van antilichamen in 
de dunne darm stimuleren. In een hier beschreven serie proeven werd gekeken of muizen 
die geïmmuniseerd waren met het eiwit ovalbumine beter in staat zijn om antilichamen tegen 
dit eiwit in de darm te maken als zij met SFB's gekoloniseerd zijn (Hoofdstuk 8). Dit bleek 
niet zo te zijn: de hoeveelheid nieuw gevormde antilichamen tegen ovalbumine was net zo 
groot, of mogelijk iets kleiner in SFB muizen in vergelijking met muizen die gekoloniseerd 
waren met Clostridium innocuum, een aan SFB verwante bacterie. 
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Samenvatting 
De mogelijkheden van SFB om het afweersysteem en de peristaltiek te stimuleren, 
suggereren een bijdrage van SFB aan de weerstand van de gastheer tegen infecties. Daarom 
werden in enkele laatste experimenten muizen besmet met Salmonella typhimurium (Hoofd­
stuk 9). Met deze proeven werd aangetoond dat muizen met SFB's veel beter bestand bleken 
tegen zo'η infectie. Dit bleek uit de waarnemingen dat deze muizen een infectie veel langer 
overleefden dan kiemvrije muizen of muizen met Clostridium innocuum. 
Concluderend wordt gesteld dat SFB's verwant zijn aan Clostridium en dat zij een grote 
invloed hebben op het functioneren van de gastheer: ze stimuleren de peristaltiek van de 
dunne darm en het immuunsysteem van de darm. Hierdoor vergroten zij de afweer tegen 
ziekteverwekkers zoals Salmonella. 
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NAWOORD 
Dat in de vier jaar die ik op het Centraal Dierenlaboratorium heb doorgebracht, een 
heleboel mensen medeverantwoordelijk zijn geweest voor de totstandkoming van dit 
proefschrift is logisch. Toch lijkt het haast niet meer voor te stellen dat ik geen van deze 
mensen kende voor ik aan het project begon. Mijn dank is echter niet minder groot. 
Allereerst wil ik Joop Koopman en Fred Poelma bedanken voor de mogelijkheden en de 
vrijheid die ze mij gegeven hebben. Joop, dit tweede proefschrift over SFB's is het bewijs 
dat we dit onderwerp niet langer kunnen beschouwen als een uit de hand gelopen hobby van 
je. Het feit dat nu ook vanuit Japan en Amerika belangstelling is voor deze bacteriën, laat 
nog eens te meer zien dat ze toch echt bijzondere eigenschappen hebben. Fred, als jij en 
Joop destijds geen projectvoorstel hadden geschreven, was dit boekje er niet geweest. Ook 
wil ik je bedanken voor de vele discussies die we hebben gehad. 
Peter Heidt, je was van het begin af aan bij dit project betrokken, hoewel je aanstelling als 
bijzonder hoogleraar pas later gerealiseerd is. Je kennis over de gnotobiologie bleek 
bijzonder waardevol te zijn, en de verhalen over Harley Davidson bijzonder amusant. 
Jammer dat je slechts één dag in de week verbonden bent aan Nijmegen. 
Ook de dierverzorgers en biotechnici zijn onmisbaar geweest. Met name Annet Verleg, 
Bianca van der Weem en Kay Poelen, maar uiteraard ook de overige personeelsleden van 
het CDL wil ik hartelijk danken voor de hulp bij vele van mijn proeven, en het verzorgen 
van alle isolatoren die ik in de loop der tijd heb weten te gebruiken. Het gemak waarmee 
alles bij jullie geregeld kon worden, heeft me dikwijls verbaasd. 
Margo van den Brink en Monique Bakker, van jullie heb ik het nodige kunnen leren over 
darmbacteriën, infectiemodellen en terugkweekmogelijkheden. Dikwijls heb ik een beroep 
op jullie kunnen doen om bij arbeidsintensieve experimenten te assisteren. Daarvoor 
hartelijk dank. 
Ook buiten het Centraal Dierenlab hebben de nodige mensen veel voor mij gedaan. 
Antoon Akkermans, de tijd die ik op je lab heb doorgebracht zijn van essentieel belang 
geweest voor dit proefschrift. De expertise die tijdens deze periode op het lab aanwezig 
was, sloot nauw aan bij mijn vraagstelling: wat zijn SFB's?. Voor mij was het een erg 
leerzame tijd, waar ik met goede herinneringen aan terug denk. Klaarblijkelijk is ook jouw 
interesse nu meer en meer op darmflora's gericht. Ook de medewerking van Herman Blok, 
Harry Kengen, en Paul Heinen is erg waardevol geweest. 
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Nawoord 
Nico Bos, je interesse voor darmflora's hebben onze aandachtsvelden wat dichter bij elkaar 
gebracht. De interessante discussies hebben me het nodige geleerd over het mucosaal 
immuunsysteem, en de diverse bezoekjes aan Groningen waren altijd de moeite waard. 
John Cebra, your knowledge of mucosal immunology was very useful to me. Although the 
experiments that I could perform in your lab did not result in a chapter in this thesis, I still 
think that this time has contributed a lot to my knowledge about bacterium-host interactions. 
Thank you for the hospitality that I found in your home and your lab. Sicco Popma, bedankt 
voor je hulp tijdens deze periode in Philadelphia. Je aanwezigheid maakte het leven daar een 
stuk gezelliger. 
Rob Hermsen en Wijnand Eling. Jullie waren als immunologen-dicht-bij-huis altijd 
bereikbaar voor discussie over de technische problemen of de uitkomsten van experimenten. 
Ik waardeer het erg dat ik mocht "parasiteren" op jullie afdeling parasitologic Bedankt voor 
jullie interesse en waardevolle adviezen. 
Vivianne, als AIO-duo hebben we allebei met soortgelijke problemen te maken. Gelukkig 
staat het eten niet altijd klaar op tafel als ik thuis kom. 
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